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FUEL SPILL 12 (FS-12) PLUME CONTAINMENT SYSTEM 
GROUNDWATER MODELING RESULTS 

Environmental Consulting Engineers 



...~4*0 -INTRODUCTION 

This repon constitutes the Fuel Spill 12 (FS-12) Plume Containment System (PCS) 
groundwater modeling results. This is an appendix to a more comprehensive groundwater modeling 
repon (ECE, in preparation), as input to the FS-12 PCS design. As such, exhaustive detail is not 
included for some aspects of the modeling. Sensitivities and uncertainties relative to the 
groundwater modelins results, as well as design considerations, are included to aid the PCS design 
team in determining the appropriate safety factors to be incorporated into the design. Additionally, 
recommendations are made for the necessary hydrogeologic testing and conceptual/numerical model 
refinement which must be included in construction activities. 

Based on the recommendations of the Technical Review and Evaluation Team (TRET) and the 
Plume Containment Process Action Team (PCPAT), groundwater modeling efforts were focussed 
on the FS-12 and Storm Drain-5 (SD-5) (separate repon) PCSs. The FS-12 PCS groundwater 
modeling efforts documented in this repon were conducted between April 9, 1996 and June 19, 
1996. Assart of the TRET and PCPAT recommendations, several objectives were identified. 
Model development attempted to satisfy' the objectives. 

Groundwater modeling was conducted in a manner to ensure that stakeholder input was 
integral to the development of the final plume containment design "scenario. Many different plume 
containment scenarios were developed based on stakeholder input and groundwater modeling 
considerations. The performance of each trial system (scenario) was then assessed aga:nstj±ie 
established objectives. During this iterative process, several additional objectives were identiriea. 
Figure 1 shows a schematic of the FS-12 PCS development process and the criteria used to obtain 
the final scenario. 
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Well locations of the .plume containment system were considered established once objectives • 
were met to stakeholder satisfaction.- Tne groundwater modeling efforts then fccussedon system 
optimization- and investigation of the sensitivities and uncertainties inherent in the groundwater 
modeling. These sensitivities and uncertainties are discussed below. 

Ail modeling results included in this report are subject to change based on any new data that 
may require an update or modification of the assumed model parameters. 



2,0 PURPOSE AND OBJECTIVES 

Listed below are the final criteria 'used to evaluate the performance of plume containment 
systems, simulated with the FS-12 groundwater models, in order of importance. 

Maximize capture of the FS-12 Plume with emphasis on areas of high concentration. 

Minimize impact of the system on the flux of groundwater to Snake Pond. 

Minimize disturbance of the J. Braden Tnompson Plume. 

Facilitate consrructability and minimize impact to existing land use areas (i.e. beach areas near 

Camp Goodnews, etc.). 

Minimize recirculation of treated water from injection to extraction wells. 

Minimize pumping rates. 

The primary modeling objective was to balance the above criteria to a degree acceptable by 
all stakeholders. It should be noted that some of these objectives are conflicting and that an 
acceptable balance was accomplished through the iterative process used during the modeling efforts. 
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3.0 ASSUMPTIONS AND MODEL PARAMETERS 

Assumptions are necessarily inherent in groundwater modeling. For the purpose of this renon, 
the assumptions and model parameters are divided into two categories as they relate to either 1) 
groundwater flow or 2) contaminant transport. The assumptions used for the groundwater rnodeiino 
have been discussed and acknowledged by both the PCPAT and TRET.- The assumptions for each 
of these categories are delineated below. 

3.1 GROUNDWATER FLOW 

It has been assumed .that a saturated steady-state groundwater model is capable of adequateiv 
approximating groundwater flow for the FS-12 PCS design support. The groundwater modeling 
code FRAC3DVS (Therrien. R. E: ai., 1994) has been implemented for the groundwater flow 
modeling. Other groundwater flow modeling assumptions are tied to either physical parameters or 
to the conceptual understanding of the flow mechanisms in the vicinity of FS-12. Tne most 
important physical parameters are the hydraulic conductivity field (K-5eld) and aquifer recharge, 
and to a lesser extent, porosity. Tnere is an inherent balance between recharge and the aquifer 
K-field. In general, a higher K-field requires higher recharge to obtain calibration in a groundwater 
model. The primary groundwater flow modeling assumptions used for the FS-12 plume containment 
design support are delineated below. 

Hydraulic Conductivity 

Tnere are two K-neids that have been used for the FS-12 plume containment modeling. One 
K-field was developed by ECE based on aquifer testing data, and the other K-field was developed 
by the United Stated Geological Survey (USGS) for their Western Cape Cod (WCC) groundwater 
model. Tnese two K-fieids are termed ECE Defined and USGS Defined. A detailed description of 
the ECE Defined K-fieid is presented in the main report (ECE, in prep.) and has changed little since 
it was first reported in the MMR Plume Containment System 60% Design, Massachusetts Miiipry 
Reservation Cape Cod, Massachusetts (Operational Technologies, 1996). Tne ECE Defined K-Seid 
is based on a dual asymptotic function of K varying with elevation that was formulated from aquifer 
pumo test and slug test results. In the vicinity of the FS-12 plume, the ECE Defined K-fieic within 
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the aquifer has vaiues' ranging from 260 ft/day near the surface to 23 ft/day near the bottom of the ' 
aquifer, with a bulk average of 140 ft/day.- A vertical anisotropy ratio of 5 to 1 was used for the ECE 
Denned K-fieid. 

Tne USGS Denned K- field is based on extensive analysis of hydrosrratigraphic data. In the.' 
vicinity of the FS-12 plume.'the USGS Defined K-fieid within the aquifer has values ranging from 
350 ft/day near the surface to 10 ft/day near the bottom of the aquifer, with a bulk average of 
125 ft/day. It was initially assumed that uncertainty in the K-field could be addressed bv usins both 
of these K-fields for the PCS modeling. However, the ECE Denned and the USGS Defined K-gelds 
are not significantly different numerically, and there are not any significant hydrostratigraphic 
boundaries in the vicinity of the FS-12 plume. Thus, only part of the FS-12 modeling actually used 
the USGS K-field. Rather, it was assumed that using scalar multiples of the ECE Defined K-fieid 
would better address uncertainties in the K-fie!d by providing a larger range of variation. Therefore, 
it was assumed that scalar multiples ranging from 70% to 130% of the ECE Defined K-field would 
sufficiently address uncertainties in the K-fie!d in the vicinity of the FS-12 plume. Tne vertical 
anisotropy ratio used for the USGS Defined K-neld was that reported in the USGS WCC Modeling 
report (Masterson et - al., 1996). 

i 

Recharge 

Using the above K-fields. certain aquifer recharge vaiues are required to obtain acceptable 
model calibration. Recharge values from 27 to 29 inches per year are required to produce a 
calibrated model for the ECE Defined K-fieid. Tnis range is dependent on the methodology used 
for simulating the groundwater/surface water interaction (discussed below). As with the K-field, 
recharge values ranging from 70% to 130% of the calibrated value were used to address the 
sensitivity/uncertainty in recharge values for the plume containment design. 

Porosity 

A 35% porosity was used for all FS-12 plume containment modeling. 
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Groundwater/Surface Water Interaction 

The primary conceptual flow mechanism which has the greatest impact on the plume 
containment- design is related to the groundwater/surface water interaction at Snake and Weeks 
ponds. Tne most appropriate method for simulating groundwater/surface water interaction is a 
coupled groundwater/surface water. model. However, for the purposes of the FS-12 plume 
containment design, it was assumed that simulating the ponds in a groundwater model is sufficient. 

Tnere are two primary methods which have been implemented for specifying the surface water 
bodies in the groundwater model. One method consists of specifying the ponds as constant head 
boundary conditions within the groundwater model. The other method consists of specifying the 
ponds as regions of high-K. It was assumed that a reasonable strategy for investigating the 
sensitivity /uncertainty in the groundwater/surface water interaction was to conduct the FS-12 plume 
containment groundwater modeling using both the constant head and the high-K approach and then 
compare the differences. 

3.2 CONTAMINANT TRANSPORT 

Tnere are many assumptions associated with' simulating the movement of contaminants. It has 
been assumed that the use of panicle tracking is sufficient for the plume containment design and that 
the time and exoense associated with formal contaminant transport modeling is not warranted. Tne 
assumptions inherent in the use of the particle tracking methodology for simulating the movement 
of contaminants are delineated below. 

Dilution/attenuation was not considered a significant process. 

A continuous source of contaminants which introduce additional contaminants into the system 
during the course of the plume containment operations was not considered. 

Each particle represents a volume of contaminated water, and this volume is assumed to move 
through the system with the particle. 
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Each particle is representative of a mass of contaminant ethylene dibromide (ED B), and this 
mass is assumed to move through the system with the particle. 

'The EDB plume as delineated in the MMR Plume Containment Data Gap Field Work 
Technical Memorandum (Operational Technologies Corporation. 1996) was the plume 
represented by panicle seeds. This representation of the plume is a combination of Data GaD 
information and Remedial Investigation information. There is inherent uncertaintv in 
combining data collected over this time span. 

Tne longitudinal, transverse, and vertical dispersivity used for these efforts are 10.0 ft. 10.0 ft, 
and 0.1 ft, respectively. 



4.0 GROUNDWATER MODELS 

There are two separate groundwater flow models used for the FS-12 Plume Containment 
modeling. Tnese models are termed the "Constant Plead Model" and the "High-K Box Model."' The 
two models differ in both their lateral extent and the method in which groundwater/surface water 
interaction is simulated. Tne lateral (plan view) extent of the two models are shown in 
Attachment A. Scenario modeling and a brief description of each of the two models are presented 
below. 

4.1 CONSTANT HEAD MODEL 

Tne Constant Head Model is similar in ail aspects to the groundwater model presented for the 
MMR Plume Containment 60% Design Document except for discretization, which has been refined 
for the FS-12 efforts. The FS-12 Constant Head Model has lateral discretization of 20 ft on a side 
in the areas of the plume. This model used the constant head pond approach. Specifics for.ihis 
model including the model grid, calibration, steady-state water table plots, etc. are presented in 
Attachment A. As an additional calibration check, the FS-12 plume was seeded near the source area 
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and the particle locations, were tracked through time. .Graphical illustrations of these plots are 
included in Attachment A. 

For a "closed" type system such as the. FS- 12 PCS where extraction and injection is 
simultaneous and adjacent to one another, there are several advantages to using the constant head 
approach. This approach is generally sufficient to examine plume capture and other phenomena 
local to extraction and injection. This approach also has shorter model run times, is more 
numerically stable, and allows for coarser discretization which enhances modeling efficiency. The 
primary effect of this approach is that flow of groundwater to the ponds has a significant vertical 
component. Disadvantages with this approach pertain to simulating surface water bodies with 
potentially infinite sources/sinks of water. 

4.2 HIGH-K BOX MODEL 

The Kigh-K Box Model uses the high-K pond specification approach. Tne boundaries were 
located such that under pumping conditions, boundary effects would not impact the pumping 
scenarios. For this box model, the boundaries were specified as constant head conditions, with the 
head values taken from the 1993 USGS Water Level Contour Map. Attachment A contains specific 
details for the steady-state model (baseline no-pumping case) including the model grid, calibration 
informauon. steady-state water table plots, etc. As an additional calibration check, the FS-12 plume 
was seeded near the source area and the particle locations were tracked through time. Graphical 
illustrations of these plots are included in Attachment A. 

The advantages to using the high-K approach to pond specification is better simulation of the 
flow to and through surface water bodies. This approach assumes that surface water flow can be 
approximated by a high K porous media. This approach produces more lateral flow to and from the 
ponds relative to the constant head approach. Disadvantages associated with the high-K approach 
relate to model stability, longer ran times, and finer discretization requirements. „- 
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5,0 WELL CONFIGURATION SCENARIOS 

In developing the FS-12 plume containment design, 15 unique well configuration scenarios 
were developed, modeled, and evaluated. Tne well configuration modeling used the Constant Head 
Model. Each well configuration scenario is defined as a particular set of extraction and reiniection 
well locations. A particular scenario may have been used for a single model run or multiple model 
runs. Tne top portion of Figure 1 illustrates the process which was used in obtaining the final well 
configuration scenario. This iterative process had a high-level of PCPAT, TRET, and other 
stakeholder involvement. Stakeholders have expressed satisfaction that the final well confisuration 
(Scenario 15) achieves an. acceptable balance of the identified objectives. 

Tne 3 -dimensional particle seeding scheme used during well configuration scenario modeims 
was refined during the interactive process. Initially (Scenarios 1-8, Attachement B), particles were 
seeded based on finite-difference ceils. For this case, a single particle was placed at the centroid of 
each finite-difference ceil located inside the 0.02 ppb EDB plume boundary as defined in the Data 
Gap Field Work Technical Memorandum (Operational Technologies Corporation, 1996). Tne 
particle seeding scheme was modified for Scenarios 9-15 such that panicles were spaced uniformly 
within the plume boundary, independent of the finite -difference cells. Tiis seeding scheme results 
in each particle representing a volume of 100,000 ft". Tnis is total model volume. The volume of 
contaminated waier is less due to porosity (i.e. 35% less). Additionally, the J. Braden Thompson 
(JBT) Plume was seeded to observe any dispersal due to the FS-12 PCS. 

In Scenarios 1-8, the Sandwich Municipal Well =5 (SW-5) well was not included. In 
Scenarios 9-14, the SW-5 well was simulated at a pumping rate of 700 gpm. Attachment B contains 
the groundwater modeling information and results for each of the 'well configuration scenarios. A 
brief summary of the materials included in Attachment B follows. 

Scenario Macs: Four maps snowing the schematic diagrams of Scenarios 1-15. 
Run Summaries: Summarv results of the Scenarios 1-15 model runs. 
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Graphics: For the first 8 scenarios, few graphics were generated and'resuits were presented 
..in tabular form. For Scenarios 9-14, graphics generally included a well location map, water 
table plots, and drawdown/mounding plots (difference in the water table under pumpins 
conditions from the steady-state condition). Note that the extent that post-processinc and 
evaluation of results varied from scenario to scenario depending on the emphasis of 
stakeholder concerns. In addition, new graphical tools were developed concurrently with 
scenario development and evaluation. Thus, the graphics contained in Attachment B are not 
consistent from scenario to scenario but are included for completeness. 



6.0 REFINEMENT AND OPTIMIZATION OF CONTAINMENT SYSTEM 

Once an acceptable well configuration was achieved, which met the objectives and approval 
from stakeholders, well locations were considered final and system optimization was conducted. 
Tne objectives of system optimization were to further improve system performance by modifying 
individual pumping rates on a well by well basis. Both the Constant Head and the High-K Box 
Model were used during the containment system optimization. Initial optimization was conducted 
using the Constant Head model. Following optimization using the Constant Head Model, the system 
was then optimized using the High-K Box Model. The purpose of using both' models was to 
ascertain the impact of the two approaches on the predicted PCS performance. All optimization 
modeling runs included the SW-5 well pumping at 700 gpm. 

Tne particle seeding scheme was funher modified for the optimization modeling. The uniform 
seed density was increased by a factor of four so that each particle was associated with a volume of 
25,000 ft 3 . Additionally, contaminant mass attributes were associated with each particle using 
3 -dimensional 0.02 ppb, 10 ppb, and 100 ppb EDB isoconcentration contours derived from the plan 
view map and cross sections presented in the Data Gap Field Work Technical Memorandum 
(Operational Technologies Corporation. 1996). Tne resulting particle seed configuration resembled 
several lumpy-concentric-oblate spheroids (shells within shells). Two different strategies were 
employed to associate the contaminant mass with each particle. Tne first is termed "'Lower Bound' 
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and is the less conservative approach whereas the second, termed "Upper Bound", represents the 
most conservative approach. Tnese particle weighting schemes are explained below. . 



c , Isoconcentration . .Assigned Concentration Assigned Mass 

ocneme _ , — 

Contours (ppo) (^g) 



Lower Bound 0.02 pph tolO ppb 0.02 0.048 

. 10 ppb to 100 ppb 10 23.89 

> 100 ppb 100 238.95 



Upper Bound 0.02 ppb tolO ppb 10 23.89 

10 ppb to 100 ppb 100 238.95 

>100DDb - 1000 2389.5 



Tne final optimized system is presented based on the high-K box model, which required hisher 
pumping rates than the constant head model. This, as well as the other optimization modeling 
information, is presented in Attachment C. Attachment C contains run summary sheets and grannies 
associated with the optimization modeling. These are presented on a ran by run basis. Note that the 
extent that each of the runs were post-processed . and the results evaluated varied from run to run 
(i.e. if unfavorable results were obtained, further post-processing and evaluation efforts were not 
expended). Thus, the run summaries and graphics are not consistent from one model run to another. 
Existing information has been included for completeness. 



7.0 FINAL PUMPING SYSTEM COMPARED TO OBJECTIVES 

The final modeled FS-12 PCS performance was compared to the evaluation criteria. Each of 
the evaluation criteria and the modeled performance is addressed below. Attachment D contains 
information on the final FS-12 PCS modeling. Specifically, Attachment _D contains modeling run 
summary information, well locations, well screen intervals, and associated graphics. The modeling 
results as related to the modeling objectives are discussed below. Tne results are based on the 
High-K Box Model unless otherwise noted. 
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7.1 MAXIMIZE CAPTURE OF THE FS-12 PLUME WITH EMPHASIS ON AREAS OF 
HIGH CONTAMINATION 

Variability in both volume and mass capture between the Constant Head Model and the 
Hish-K Box Model are shown below. 





Volume 
Captured 


Total Mass Capture 


EDB Mass Capture By Concentration Zone 


Model 


Lower Bound Upper Bound 


itOOppb lOOtolOppb 10to0.02pDo 


Kigh-K 3ox 
Mode! 

Constant Head 
Model 


S8.0% 
97.5% 


97.5% 96.6% 
99.9% 99.7% 


97.5% 95.8% 85.0% 
100.0% 99.9% 99.9% 



* EDB isoconcenrration contours as presented in the Bata Gap Field Work Technical Memorandum (Operational 
Technologies Corporation, 1996). 



7.2 MINIMIZE IMPACT ON THE FLUX OF WATER THROUGH SNAKE POND 

Numerical estimates of flux of water through Snake Pond are easily estimated from a relative 
perspective. In contrast, accurate absolute flux values are more difficult to obtain due to the 
extremely high vertical discretization required. For the purposes of estimating the impact of the 
proposed system on the flux of water through Snake Pond. ECE has addressed relative impacts of 
the FS-12 PCS and the SW-5 municipal well as compared to steady-state (ambient) conditions. An 
important aspect of the pond flux analysis is that when stresses such as pumping are imposed on the 
system, not only dees the magnitude of flux change but also the direction of flow through the pond. 
Tne table below delineates these relative impacts and Attachment D contains a graphic which 
illustrates these impacts. In this table the Flux Magnitude and Flux Direction represents the average 
velocirv of groundwater for the entire Pond. 



Case 


Description 


Flux Magnitude 
(ft/day) 


Flux Direction 
(degrees) 


1 


Steady-State 


1.S2 


S2S E 


2 


FS-12 PCS pumping @S23 gpm 


1.9S 


5 29 E 


3 


SW-5 pumping @ 135 gpm 


1.97 


S29E 


4 


FS-12 PCS @S2S, SW-5 @135 gpm 


2.00 


. S26E 


5 


SW-5 pumping 'a.lOO gpm 


1 -," 


S3 W 


6 


FS-12 PCS g: S2S. SW-5 STOOgprr. 


1.6: 


S S W 
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7.3 MINIMIZE DISTURBANCE OF THE J. BRADEN THOMPSON PLUME ' 

None of the well configuration scenarios .or any of the optimization modeling has shown anv 
substantial impact on the J. Braden Thompson (JBT) plume. The only impacts observed with any 
modeling run is to potentially slow. the. movement of the JBT plume; however, even, this is verv 
difficult to detect. There has been no significant dispersal or spreading of the JBT plume within the 
FS-12 PCS models. 

7.4 FACILITATE CONSTRUCTABILITY AND MINIMIZE IMPACT TO EXISTING 
LAND USES 

Efforts were made during the development of the various well configuration scenarios for 
acceptable constructability and land use impact. Efforts were made to locate extraction and injection 
wells near existing roadways and away from the beaches near Snake Pond. Stakeholder input and 
acceptance was critical in obtaining the final well configuration scenario. 

7.5 MINIMIZE RECIRCULATION OF TREATED WATER 

Groundwater modeling has shown that for the optimized scenario, 30%— 35% of treated water 
that has been injected recirculates back to an extraction well. Furthermore, testing was conducted 
to determine the quantity of contaminated water pumped verses total water pumped for several 
different time periods. Tne Figure titled ''Makeup of Pumped Water vs. Time" shown in 
Attachment D illustrates this relationship. 

7.6 MINIMIZE PUMPING RATES 

Tne process of minimizing pumping rates has been conducted to some extent. However, to 
acceptably meet the other criteria, the reported pumping rates are required. To illustrate this, the 
Pumping Efficiency Curves shown in Attachment D show how the various evaluation criteria change 
with pumping rate. For instance in Attachment D, it can be readily seen how volumeand mass 
capture change with a change in Dumping rate. Tnis type of analysis is the extent to which pumping 
rates minimization was attempted. Further optimization and minimization of pumping rates should 
be conducted during the implementation and construction of the system, when more information 
becomes available. 
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8.0 SENSITIVITY ANALYSIS 

When the FS-12 PCS pumping strategy was finalized, modeling analysis of the sensitivity of 
the system to a variety of conditions was conducted. Both the High-K Box Model and the Constant 
Head Model were used for this analysis. However, emphasis was placed on the High-K Box Model 
since some conditions are not appropriate for the Constant Head Model. 

To conduct this analysis, simulations were performed in which the primary parameters of 
K-field, recharge, and pumping rates were systematically varied. The nomenclature used for the 
modeling runs correspond to percentages of the calibrated model's values for K-field, recharge, and 
pumping rates. For instance a (70.130,100) model run would correspond to a condition of a 70% 
scalar multiple of the K-field, with 130% of the calibrated recharge, and pumping at 100% of the 
final optimized pumping rate. All of these model runs were conducted with the SW-5 well pumping 
at 700 gpm. Some of the modeling runs were repeated with the SW-5 well pumping at 135 gpm, and 
some of the runs were repeated with the SW-5 well not pumping. 

Mass capture, volume capture, percentage of treated water recirculating from injection wells 
to extraction wells, and percentage of treated water entering Snake Pond were investigated during 
this analysis. Although the change in flux through Snake Pond was also investigated, results can be 
easily misinterpreted. Tnerefore, the influence of the FS-12 Plume Containment System on the flux 
of water through Snake Pond is best presented as shown in Attachment D and discussed in the 
previous section. 

Several modeling runs were conducted to investigate the sensitivity of moving the screened 
intervals. Tnere is a significant adverse impact to mass capture and to the flux of water through 
Snake Pond when screened intervals are modified. -*~ 

Attachment E presents the results of the sensitivity analysis modeling runs. Several tables are 
crovided which summarize ±e modeling runs under the various conditicns. This information is also 
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presented in a series of graphics. Run summaries and graphics are presented on a run by run basis 
for each of the modeling, runs conducted for the sensitivity anaiysis. Note that the nomenclature used 
for the modeling may be difficult to understand. Tne terms "SS" refers "to steady-state and "SW'5" 
refers to the Sandwich Municipal Well =5 in the run summaries. 

General comments regarding the sensitivity analysis are summarized below. 

Volume and mass canture are very strongly dependent on pumping rate. 

Volume and mass caDture are strongly dependent on variations in the K-field and recharge. 

Volume and mass capture are dependent on variations in the length and location of the 
screened interval. 

Pond flux is mildly dependent on pumping rate. 

Pond flux is mildly dependent on variations in the K-field and recharge. 

Pond flux is deoendent on variations in the length and location of the screened interval. 

Tne percentage of recirculated water is strongly independent of variations in pumping rate. 
K-field, or recharge. 

Tne percentage of treated water going to the Snake Pond is strongly independent of variations 
in pumping rate, K-field , or recharge 

Similar chanses in both the K-field and recharge do not significantly impact any of the 
evaluation criteria. 
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9.0 UNCERTAINTIES 

Uncertainties in the groundwater modeling can be attributed to uncertainties related to both the 
aquifer and to the contaminant plume. Aquifer related uncertainties arise primarily from unknowns 
in the physical properties of the aquifer itself, and to some extent, to uncertainties in the 
understanding of the flow mechanisms within the aquifer. Contaminant plume related uncertainties 
are primarily due to the definition of the plume itself. Both of these areas of uncertainty are 
discussed below. 

9.1 AQUIFER 

Tne inherently sparse nature of aquifer data specific to the FS-12 site yields uncertainties in 
aauifer properties. Localized changes in hydrostraugraphy. variations in the vertical component of 
K, and porosities all can have potentially adverse impacts on the PCS. Low-K zones such as small 
thin confining layers of fine silts or clay or localized pathways of very high-K aquifer material are 
examples of these localized heterogeneities. Unfortunately the occurrence of these localized 
phenomena is difficult to detect let alone estimate their potential impact. Tne modeling parameters 
used in the groundwater modeling and further tested in the sensitivity analysis represent a reasonable 
and extensive approach to addressing these uncertainties. However, design efforts should consider 
these uncertainties and make engineering decisions such that their impact on the objectives of the 
PCS is minimal. 

Another uncertainty relating to the groundwater flow system pertain to the groundwater/sunace 
water interaction. The groundwater modeling conducted for the FS-12 PCS and presented above 
show that there is substantial flow of deeper groundwater upward toward Snake and Weeks Ponds. 
Both the Constant Head Model and the High-K Model behave in this manner. These results -are in 
keeping with other modeling studies such as those by the USGS (WCC Model) and ABB (SERGOU 
Model). Tnere is some uncertainty of whether this is an artifact of numerical modeling or an ac?aai 
representation of flow within the aquifer. This has been the topic of much discussion and study. Tne 
current conceotual understanding, suaoorted by fieid observations, is that the upward now to the 
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ponds ■ is . indeed an actual process which occurs in this area, and that the. modeling accurately 
simulates this process. 

Another area of a groundwater flow related concern is the long-term viability and imDact of 
the reinjection of treated water. These concerns arise from both the physical and the seochernical 
perspectives. The physical viability of the aquifer and the injection wells to accept treated waters 
through time is an uncertainty that needs to be addressed. Similarly, potential problems associated 
with the changes in aquifer geochemistry due to the injection of treated water also needs to be 
addressed. Neither of these concerns have been addressed by the groundwater modeling efforts to 
date. The- overall strategy and ultimate performance for the FS-12 PCS is hishiv dependent on the 
ability of the injection wells to function properly over time. Thus, the desisn of the FS-12 PCS 
should consider these concerns and attempt to minimize their potential impact. 

9.2 PLUME 

Uncertainties pertaining to the contaminant plume are related to both the definition of the 
plume and to transport mechanisms affecting the plume. Uncertainties related to the physical plume 
definition arise from the sparsity and distribution of data defining the plume. Additionally, the efforts 
documented in this report are based on the EDB plume as defined in the Data Gap Field Work 
Technical Memorandum (Operational Technologies Corporation, 1996). Tne plume definition is 
a result of both Data Gap and Remedial Investigation dara. Data Gap efforts focussed more on the 
leading edge and downgradient lateral boundaries. Tne Remedial Investigation data was used to 
completed the upgradient and internal plume definition. Therefore, there is uncertainly in defintion 
of the EDB plume boundarv. 

There are also uncertainties attributed to the contaminant transport processes which may impact 
the movement of the plume under the stresses invoked by the FS-12 PCS. Among the processes 
which have not been addressed by these efforts are primary and secondary contaminant sources: 
diffusion; degradation and related speciation. retardation (sorption and desorption) and other 
geochemical processes. The expected impact of these processes on the performance of the FS-12 
PCS is unknown. 
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Although efforts have been made to minimize the drawdown and mounding from the extraction 
and injection well fences, any continual- pumping, of groundwater should consider subsidence as a 
possible consequence. Fortunately, anthropogenic structures near the FS-12 PCS are minimal, which 
helps mitigate this concern. 

All of the above uncertainties and their potential impact to the performance of the FS-12 PCS 
should be considered in the desisn. 



. 10. RECOMMENDATIONS 

The scale and importance of the MMR piume containment efforts for the FS-12 PCS 
necessitate the implementation of a phased approach using adaptive management strategies for 
construction and operation. The FS-12 PCS is a large undertaking with many variables of unknown 
certainty. The potential adverse affects upon human health and ecological habitats due to inefficient 
and/or incomplete performance of the PCS are unacceptable. Therefore, new information learned 
during FS-12 PCS implementation efforts should be used to modify the design (well and screen 
placement, etc.) as warranted. Groundwater modeling is an important aspect of this strategy and 
should be considered a recursive process integral to the construction, testing and operation of the 
FS-12 PCS. 

Hydrostratigraphic and contaminant information collected during construction should be 
analyzed. Well drilling information such as geologic and geophysical logging should be collected. 
Analytical information from both groundwater and aquifer matrix samples needs to be collected. 
Aquifer testing should include single and multiple well pumping tests, borehole flow meter testing, 
and injection testing should be performed for as many wells as possible during the initial phases and 
then as warranted for subsequent phases. 

Any new information, such as localized heterogeneities which may have adverse affects to the 
performance of the FS-12 PCS, should be incorporated into the groundwater models and their 
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impacts rigorously assessed. ThePCS should then be reoptimized and construction efforts modified, 
based on the refined modeling results. Such design features that may be modified include screen 
intervals, well placement, and pumping rates. 

It is also recommended that strong consideration is given to performance assessment and 
ecological monitoring. Chemical based performance monitoring may be inconclusive. Hydrologic 
monitoring, such as water level monitoring, may also be inconclusive due to masking from seasonal 
variations. Tracer based monitoring is the recommended methodology for evaluating the 
performance of the FS-12 FCS. Ecological monitoring, such as chemical and physical monitoring 
of Snake Pond and other ecologically sensitive areas, should be conducted as recommended by the 
TRET. 
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SCENARIO 1: 

K Field: 

Recharge: 
Pond Definition: 
SW#5: 
Wells: 

Panicle Capture: 
Conclusion: 



Attachment A: Iterations on Well Locations 
Summary of Results forFS-12 PCS Scenarios 1-14. 



ECE Defined 

29 in/yr 

Constant Head 

Inactive 

25 southeastern extraction wells (-25 gpm) 
25 southeastern injection wells (25 gpm) 
TOTAL PUMP RATE = -625 gpm"" 

<70% of particles captured. 

An unacceptable percentage of the plume was allowed to discharee to 
Snake Pond. Sufficient plume captured not achieved. 



SCENARIO 2: 

K Field: 

Recharge: 
Pond Definition: 
SW #5: 
Weils: 



Particle Capture: 
Conclusion: 



ECE Defined 
29 in/yr 
Constant Head 
Inactive 

5 axial extraction wells (-25 gpm) 

10 lateral injection wells (12.5 gpm) 

1 1 southeastern extraction wells (-40 gpm) 
1 1 southeastern injection wells (40 gpm) 
TOTAL PUMP RATE = -565 gpm 

Approximately 709c of panicles captured. Particles not captured originate 
west of the axial extraction fence from ail plume depths. 

An unacceptable percentage of the plume was allowed to discharge to 
Snake Pond. Tne axial extraction fence pumping rates were insufficient to 
capture western portions of FS-12 EDB plume. 



SCENARIO 3: 

K Field: 

Recharge: 
Pond Definition: 
SW#5: 
Weils: 



Particie Capture: 
Conclusion: 



ECE Defined 
29 in/yr . 

Constant Head 
Inactive 

4 north extraction wells (-30 gpm) 
8 north injection wells (10 gpm) 

5 axial extraction wells (-20 gpm) 

10 central injection wells (15 gpm) 

1 1 southeastern extraction wells (-35 gpm) 
1 1 southeastern injection wells (35 gpm) 
TOTAL PUMP RATE = -605 gpm 

8 1 .1 6% of particles captured. 

An unacceptable percentage of the plume was allowed to discharge to 
Snake Pond. Tne north and axial extraction fence did not caoture the 
western extent of the FS-12 EDB plume. 



SCENARIO 4: 

K Field: 

Recharge: 
Pond Definition: 
SW #5: 
Wells: 



Particle Capture: 
Conclusion: 



ECE Defined 
29 in/yr 
Constant Head 
Inactive 

12 axial extraction wells (-30 gpm) 
24 lalce-side injection wells (15 gpm) 

13 southeastern extraction wells (-25 gpm) 
13 southeastern injection wells (25 gpm) 
TOTAL PUMP RATE = -685 gpm 

94.10 % of particles captured. 

Scenario 4 provided insufficient capture of the FS-12 EDB plume. The 
axial extraction fence did not capture. the southwestern portion of the FS- 
12 EDB plume. 



SCENARIOS: 

K Field: 

Recharge: 
Pond Definition: 
SW #5: 
Weils: 



Panicle Capture 
Conclusion: 



ECE Denned 
29in/yr . . 
Constant Head 
Inactive 

12 axial extraction wells (-30 gpm) 
24 lake-side injection wells (15 gpm) 

13 southeastern extraction wells (-25 gpm) 
13 southeastern injection wells (25 gpm) 
TOTAL PUMP RATE = -685 gpm 

95.49 % of particles captured. 

Scenario 5 provided insufficient capture of the FS-12 EDB plume. The 
axial extraction fence did not capture the western and southwestern portion 
of the FS-12 EDB plume. 



SCENARIO 6: 

K Field: 

Recharge: 
Pond Definition: 
SW #5: 
Wells: 



Panicle-Capture: 
Conclusion: 



ECE Defined 
29 in/yr 
Constant Head 
Inactive 

12 axial extraction wells (-35 gpm) 

24 lake -side injection wells (17.5 gpm) 

13 southeastern extraction wells (-25 gpm) 
13 southeastern injection wells (25 gpm) 
TOTAL PUMP RATE = -745 gpm 

97.46 % of panicles captured. 

Scenario 6 provided insufficient capture of the FS-12 EDB plume. Tne 
axial extraction fence did not capture the western portion of the FS-12 
EDB plume. 



SCENARIO": 

K Field: 

Recharge:. 
Pond Definition: 
SW #5: 
Wells: 



Panicle Capture: 
Conclusion: 



ECE Denned 
29 In/yr 
Constant Head 
Inactive 

12 lake-side extraction wells (-30 gpm) 
24 lake-side injection wells (15 gpm) 

13 southeastern extraction wells (-25 gpm) 
13 southeastern injection wells (25 gpm) 
TOTAL PUMP RATE = -685 gpm 

98.03 % of panicles captured. 

Scenario 7 provided insufficient capture of the FS-12 EDB plume. The 
southeastern extraction fence did not sufficiently capture the eastern 
ponion of the FS-12 EDB plume. The lake-side extraction fence did not 
sufficiently capture the western ponion of the FS-12 EDB plume. Tne high 
concentration (>100 ppb EDB) ponion of the plume migrated an 
unacceptable distance prior to capture. 



SCENARIO 8: 

K Field: 



ECE Defined 



Recharge: 29 in/yr 

Pond Definition: Constant Head 



SW #5: 
Wells: 



Panicle Capture 
Conclusion: 



Inactive 

13 lake-side extraction wells (-35 gpm) 
26 lake-side injection wells (17.5 gpm) 
13 southeastern extraction wells (-25 gpm) 
13 southeastern injection wells (25 gpm) 
TOTAL PUMP RATE = -780 gpm 

93.0 % of panicles captured. 

Scenario 4 provided insufficient capture of the FS-12 EDB plume. The 
lake-side extraction fence did not sufficiently capture the western ponion or 
the FS-12 EDB plume. The high concentration (>100 ppb EDB) ponion of 
the plume migrated an unacceptable distance prior to capture. 



SCENARIO 9: 

K Field: 

Recharge: 
Pond Definition: 
SW=±5: 
Weils: 



Panicle Cap curs 
Iterations: 

Conclusion: 



ECE Denned 

■29 in/yr . 

Constant Head 

Active (700 gpm) 

4 axial extraction wells (-35 gpm) 
4 lake-side injection welts (35 gpm) 

12 lake-side extraction wells (-35 gpm) 
24 lake-side injection wells (17.5 gpm) 

13 southeastern extraction wells (-25 gpm) 
13 southeastern injection wells (25 gpm) 
TOTAL PUMP RATE = -920 gpm" 

99. '93 % of particles cap'tured. 

Two iterations were performed with Scenario 9 with varying pumping 
rates. Run A is outlined above. Run B followed the same well 
configuration with 25% reduced pumping rates from Run A. 

Scenario 9 provided sufficient capture of the FS-12 EDB plume. Howeve 
stakeholder concerns warranted further scenario investigation. 



SCENARIO 10: 

K Field: 

Recharge: 
Pond Definition: 
SW#5: 
Wells: 



Particle Capture: 



Iterations: 



Conclusion: 



ECE Defined 

29 in/yr 

Constant Head 

10A: Inactive ; 10B: Active (700 gpm) 

1 1 southeastern extraction wells (-25 gpm) 
14 axial extraction wells (-25 gpm) 
25 injection wells (25 gpm) 
TOTAL PUMP RATE = -625 gpm 

Began evaluating panicle capture by mass. 
> 10 ppb 93.09% captured. 
< 10 ppb 75.11% captured. 

Two iterations on pumping rates were performed with Scenario 10. Run A 
is outlined above. Run B included the Sandwich Well #5 at 700 gpm and 
decreased the pureeing rate of the axial extraction wells to -15 gpm. 

Scenario 10 provided sufficient capture of the >10 ppb portion of the FS- 
12 EDB plume and insufficient capture of the <10 ppb portion of the FS-12 
EDB plume. Stakeholder concerns warranted further scenario 
investigation. 



SCENARIO 11: 

K Field: 

Recharge: 

Pond Definition: 

SW#5: 

Wells: 



Panicle Cap cure: 
Iterations: 

Conclusion: 



ECE Defined 
29 in/yr 
Constant Head 
Active (700 gpm) 

1 1 southeastern extraction wells (-25 gpm) 
14 axial extraction wells (-25 gpm) 

25 injection wells (25 gpm) 
TOTAL PUMP RATE = -625 gpm 

> 10 ppb 93.39% captured. 
< 10 ppb 73.479b captured. 

Two iterations on pumping rates were performed with Scenario 11. Run A 
is outlined above. Run B included the Sandwich Well #5 at 700 gpm and 
decreased the pumping rate of the axial extraction wells to -15 gpm. 

Scenario 11 provided sufficient capture of the >10 ppb portion of the FS- 

12 EDB plume and insufficient capture of the <10 ppb portion of the FS-12 
EDB plume. Stakeholder concerns warranted further scenario 
investigation. 



SCENARIO 12: 

K Field: 

Recharge: 
Pond Definition: 
SW#5: 
Wells: 



Particle Capture: 
Iterations: 



Conclusion: 



ECE Defined 

29 in/yr 
Constant Head 
Active (700 gpm) 

1 1 southeastern extraction wells (-25 gpm) 
19 axial extraction wells (-25 gpm) 

30 injection wells (25 gpm) . : -. . 
TOTAL PUMP RATE = -750 gpm 

> 10 ppb 96.11% captured. 
< 10 ppb 89.55% captured. 

Three iterations on pumping rates were performed with Scenario 12. 
is outlined above. Run B decreased the pumping rate of the axial ext 
wells to -15 gpm. Run C increased the pumping rate of the axial e.x 
wells to -35 gpm. 

Scenario 12 provided sufficient capture of the >10 ppb portion of th 

12 EDB piume and insufficient capture of the <10 ppb portion of the 
EDB plume. Stakeholder concerns warranted further scenario 
investigation. 



Run A 

raction 

tion 
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SCENARIO 13: 

K Field: 

Recharge: 
Pond Definition: 
SW#5: 
Wells: 



ECE Defined 

29 in/yr 

Constant Head 

Active (700 gpm) 

1 1 southeastern extraction wells (-25 gpm) 

14 axial extraction wells (-25 gpm) 

3 north shore extraction wells (-25 gpm) 

28 injection wells (25 gpm) 

TOTAL PUMP RATE = -700 epm 



Particle Capture: 



Conclusion: 



> 10 ppb 93.96% captured. 
< 10 ppb 81.28% captured. 

Scenario 13 provided sufficient capture of the >10 ppb portion of the FS- 
12 EDB plume and insufficient capture of the <10 ppb portion of the FS- 
EDB plume. Stakeholder concerns warranted further scenario 
investieation. 



SCENARIO 14: 

K Field: 

Recharge: 
Pond Definition: 
SW#5: 
Wells: 



ECE Defined 

29 in/yr 

Constant Head 

Active (700 gpm) 

1 1 southeastern extraction wells (-25 gpm) 
19 axial extraction wells (-15 gpm) 
25 injection wells (18.67 gpm) 
TOTAL PUMP RATE = -560 GPM 



Particle Capture: 



Iterations: 



Conclusion: 



> 10 ppb 92.23% captured. 
< 10 ppb 79.00% captured. 

Three iterations on pumping rates were performed with Scenario 14. Run A 
is outlined above. Run B increased the pumping rate of the axial extraction 
wells to -25 gpm. Run C increased the pumping rate of the axial extraction 
wells to -35 gpm. 

Scenario 14 provided sufficient capture of the >10 ppb portion of the FS- 
12 EDB plume and insufficient capture of the <10 ppb portion of the FS-12 
EDB plume. Stakeholder concerns and'constmctability issues warranted 
further scenario investigation. 



SCENARIO 15; 

K Held: ' 

Recharge: 
Pond Definition: 
SW#5: 
Wells: 



ECE Defined 

29 in/yr 

Constant Head 

Active (7 GO gpm) 

1 1 southeastern extraction wells (-25 gpm) 
19 axial extraction wells (-15 gpm) 
25 injection wells (18.67 gpm) 
TOTAL PUMP RATE = -560 GPM 



Particle Capture 



Iterations : 



Conclusion: 



> 10. Dpb 96.59% captured. 
< 10 ppb 85.55% captured. 

Four iterations on pumping rates were performed with Scenario 14. Run A 
is outlined above. Run B increased the pumping rate of the axial extraction 
wells to -25 gpm. Run C increased the pumping rate of the axial extraction 
wells to -35 gpm. Run D investigated variable pumping rates along the 
axial extraction fence. 

The Run B. Run C, and Run D iterations on Scenario 15 indicated 
favorable capture of the FS-12 EDB plume. Stakeholder concerns and 
constructabiiity issues were sufficiently addressed by this scenario. 
Optimization of the FS-12 PCS Scenario 15 design progressed from this 
point 
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FS-12 Scenario 11 
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FS-12 Scenario 15 



Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 15A 

Model Run Summary 

5-18-96 

Model: Constant Head 
Recharge = 29 in/yr 
Nodes = 581958 
Elements = 531996 
Wells = 61 

- 1 1 southeast extraction wells (-25 gpm) 

- 19 axial extraction wells (-15 gpm) 

- 30 injection wells (18.67 gpm) 

- TOTAL PUMP RATE = 560 GPM (excluding Sandwich Well #5) 

- Sandwich Well #5 (700 gpm) 



Plume Particle Capture: 

- > 10 ppb: 96.59% capture 

- < 10 ppb: 85.55% capture 

- JBT: 0.00% caDture. 



Model: Constant Head 
Recharge = 29 in/yr 
Nodes = 581958 
Elements = 531996 



Wells =61 



Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 15B 

Model Run Summary 

5-20-96 



- 30 extraction wells (-25 gpm) 

- 30 injection wells (25 gpm) 

- TOTAL PUMP RATE = 750 GPM (excluding Sandwich Well #5) 

- Sandwich Well #5 (700 gpm) 



Plume Particle Capture: 

- > 10 ppb: 100.00% capture 

- < 10 ppb: 94.39% capture. 

- JBT: 0% capture. 
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Model: Constant Head 
Recharge = 29 in/yr 
Nodes = 581958 
Elements = 531996 



Wells = 61 



Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 15C 

Model Run Summary 

5-18-96 



- 1 1 southeast extraction wells (-25 gpm) 

- 19 axial extraction wells (-35 gpm) 

- 30 injection wells (31.33 gpm) 

- TOTAL PUMP RATE = 940 GPM (excluding Sandwich Weil #5) 

- Sandwich Well #5 (700 gpm) 



Plume Particle Capture: 

- > 10 ppb: 100.00% capture 

- < 10 ppb: 98.54% capture. 

- JET: 0.00% caDture. 



Model: Constant Head 
Recharge = 29 in/yr 
Nodes = 581958 
Elements = 531996 



Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 15D 

Model Run Summary 

5-20-96 



Wells = 61 



- 4 southeast extraction wells (-25 gpm) 

- 7 southeast extraction wells (-20 gpm) 

- 1 axial extraction welis (-40 gpm) 

- 1 axial extraction wells (-30 gpm) 

- 17 axial extraction wells (-20" gpm) 

- 30 injection wells (21.67 gpm) 

- TOTAL PUMP RATE = 650 GPM (excluding Sandwich Well #5) 

- Sandwich Well =5 (700 gpm) 



Plume Particle Capture: 

- > 10 ppb: 99.37% capture. 

- < 10 ppb: 90.989b capture. 

- JBT: 0.009b capture. 
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Environmental Consulting engineers 
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Environmental Consulting Engineers 
MMR FS-12 PCS Scenario #15 Run 16 
Model Run Summary 
5-21-96 
Model: Constant Head 
Recharge = 29 in/yr 
Nodes = 581958 
Elements = 531996 
Wells = 61 

- 1 1 southeast extraction wells (-25 gpm) 

- 9 west axial extraction wells (-30 gpm) 

- 6 south axial extraction wells (-30 gpm) 

- 30 injection wells (24. 17 gpm) 

- TOTAL PUMP RATE = 725 gpm 

- Sandwich Well #5 (700 gpmj 

Plume Capture: 
Mass: 



Mass (ug) 



Lower Bound Calculation 
ofParticles Total Mass (ug) Captured Mass (ug) % Mass Capture; 



238.95 
23.895 
0.04779 



423 

1341 

4635 



101075.35 
32043.155 
221.50665 



101075.85 

332043.195 

212.713 



100.00% 
100.00% 
96.03% 



totals 



6399 



133340.5517 



133331.76 



99.99% 



Mass (ag) 
2389.5 
238.95 
23.895 



totals 



Upper Bound Calculation 

# of Parades Total Mass (ug) Captured Mass (ug) % Mass Captured 

423 1010753.5 1010758.7 100.00% 

1341 320431.95 320431.95 100.00% 

4635 110753.325 106356.645 96.03% 



6399 



1441943.775 



1437547.09 



99.70% 



Volume: 

"Associated % Volume 

Volume (ft 3 ) # of Panicles Total Volume (ft 3 ) Captured Volume (Ft 3 ) Captured 

29531.25 6399 183,970,468.3 133,536,718.8 97.12% 



" Ascciate vciurr.s reoorted as the total volume associated with each parade (3-07 :> rt 3 ) multiplied dv the porosity 
(«=0.35) 



Environmental Consulting Engineers 
MMR FS-12 PCS Scenario #15~Run 17 
Model Run Summary' 
5-22-96 
Model: Constant Head 
Recharge = 29 irv'yr 
Nodes = 581958 
Elements = 53 1996 
Wells = 61 

- 1 1 southeast extraction wells (-25 gpm) 

- 9 west axial extraction wells (-25 gpm) 

- 4 north axial injection wells (-40, -25, -25, -40 gpm) 

- 6 south axial extraction wells (-25 gpm) 

- TOTAL PUMP RATE = 780 gpm 

- Sandwich Well #5 (700 gpm)* 
Plume Capture: 

Mass: 

Lower Bound Calculation 
Mass Q^g) £ of Panicles Total Mass Q^g) Captured Mass (ug) % Mass Capture d 
233.95 423 101075.85 101075.85 100.00% 

23.895 1341 32043.195 32043.195 100.00% 

0.04779 4635 221.50665 213.14 96.22% 

totals 6399 133340.5517 133332.18 



Ucser Bound Calculation 
Mass (jj.g) = of Panicles Total Mass (,~g) Captured Mass (,^g) % Mass Captured 
2389.5 423 1010758.5 101075S.7 100.00% 

238.95 1341 320431.95 320431.95 100.00% 

23.895 4635 110753.325 110753.325 96.22% 

totals 6399 1441943.775 1441943.77 99.71% 



Volume: 

"Associated % Volume 

Volume (ft 3 ) # of Panicles Total Volume (ft 3 ) Captured Volume (ft 3 ) Capturec- 

29531.25 6399 138,970,468.8 183,802,500 97.27% 

" Asociate volume reported as the tow! volume asscc:ated with each panicle (8-1,375 ft J ) multiplied by the porcsicy 
(n=0.35) 



Environmental Consulting Engineers 

MMRFS-12 
Model Run Summary 
6-12-96 
Model: High K Box Model (Ponds 1 : 1 vertical anisotropy) 
Description: Optimization 
Recharge = 27 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario =15 Run 1 

Extraction Wells =31 (-805 gpm excluding Sandwich Well =5) 

- 1 1 toe/south extraction wells (-275 gpm) 

screen intervals 5 to -60 ft rnsi 

- 9 western axial extraction weils (-320 gpm) 

screen intervals 5 to -60 ft msl 

- 4 northern axial extraction wells (-90 gpm) 

screen intervals 5 to -60 ft msl 

- 6 southern axial extraction wells (-120 gpm) 

screen intervals 5 to -60 ft msl 

- Sandwich Municipal Well =5 (-700 gpm) 

Injection Wells = 30 (805 gpm) 

- 6 northern injection weils (226.38 gpm) 
s screen interval 30 to -30 ft msl 

- 8 central injection wells (392.6 gpm) 

screen interval 30 to -30 ft msl 

- 13 toe'southem injection wells (153.02 gpm) 

screen interval 5 to -60 ft msl 

- 3- east edge of toe/southern injection wells (33 gpm) 

screen interval 5 to -60 ft msl 



Plume Capture 
FS-12 Mass: 

Lc-ver Sound Calculation 
Mass (,ug) £ of Panicles Total Mass (^g) Captured Mass (,ng) % Mass Capture: 

238.95 423 101,075.85 96,057.9 95.04% -- 

23.895 1341 32,043.195 28,793.5 89.86% 

0.04779 4635 . 221.50665 178.97 80.80% 

Totals 6399 133,3-^0.5517 125 030 93.77% 



Mass (,^g) = of Panicles 



Upper Bound Calculation 
Total Mass (ug) Captured Mass Qg) % Mass Caoturec 



2389.5 
238.95 
23.895 



423 

. 1341 

4635 



1,010,758.5 
320,431.95 
110,753.325 



960,579 
287,935 
89,486.8 



95.04%. 

89.86% 

80.80% 



totals 



6399 



1,441,943.775 



1,338,001 



92.79% 



Plume Capture Volume: 

Volume per % Voiume 

Panicle (ft 3 )" - of Panicles Total Volume (ft 3 ) Captured Volume (ft 3 ) Captured 



29531.25 



6399 



[SS,970 : 46S.S 



158,051,250 



8"^ £ "0/ 



Volume of water per panicle using porosity'of 35% 



Environmental Consulting Engineers 
MMRFS-12 
Model Run Summary 
6-12-96 
Model: High K Box Mode! (ponds 1:1 vertical anisotropy) 
Description: Optimization 
Recharge = 27 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario =15 Run 2 

Extraction Wells = 31 (-805 gpm excluding Sandwich Well ??5) 

- 1 1 toe/south extraction wells (-275 gpm) 

screen intervals 5 to -60 ft rnsl 

- 9 western axial extraction wells (-320 gpm) 

screen intervals 5 to -60 ft msl 

- 4 northern axial extraction wells (-90 gpm) 

screen intervals 5 to -60 ft msl 

- 6 southern axial extraction wells (-120 gpm) 

screen intervals 5 to -60 ft msl 

- Sandwich Municipal Well ~5 (-700 gpm) 

Injection Wells = 30 (305 gpm) 

- 6 northern injection wells (226.33 gpm) 

screen interval 40 to -20 ft msl 

- 3 central injection wells (392.6 gpm) 

screen interval 40 to -20 ft msi 

- 13 toe'southem injection wells (153.02 gpm) 

screen interval 5 to -60 ft msl 

- 3 east edge of toe/southern injection wells (33 gpm) 

screen interval 5 to -60 ft msl 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 

Mass (^g) # of Panicles Total Mass (llz) Captured" Mass (u.g) % Mass Cap tun 
238.95 423 101,075.85 96,296.9 95.27% 

23.895 1341 32043.195 23,602.3 89.26% 

0.04779 4635 221.50665 175.819 



totals 6399 133,340 5517 125,075 93.SC% 

U.cer Bound Calculation 



totals 



Oj 



too 



Mass pig) ? of Panicles Total Mass (ug) Captured Mass (^g) % Mass Capture: 
2389.5 423 1,010,758.5 962,969 95.27% 

238.95" 1341 320,431.95 286,023 89.26% 

23.895. 4635 110,753.325 87.909.7 79.37% 



1,441,943.775 



1,336,901 



92.72% 



Plume Capture Volume: 

Volume per 
Panicle (ft 3 )" == of Panicles Total Volume (n J ) Captured Volume (ft 3 ) 



1.25 



6399 



1SS,970,463.8 



155,895,469 



% Volume 
Camured 



82. 50°/! 



Volume of water per panicle using porosity of 35% 



Environmental Consulting Engineers 
MMRFS-12 
Mode! Run Summary 
6-12-96 
Model: High K Box Model (ponds 10,000:1 vertical ar.isotropy) 
Description: Optimization 
Recharge = 27 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario =15 Run 3 

Extraction Wells = 31 (-825 gpm excluding Sandwich Well =5) 

- 1 1 toe. ; south extraction weils (-275 gpm) 

screen intervals 5 to -60 ft msl 

- 9 western axiai extraction wells (-325 gpm) 

screen intervals 5 to -60 ft msl 

- 4 northern axial extraction weils (-8G gpm) 

screen intervals 5 to -60 ft msl 

- 6 southern axial extraction wells (-145 gpm) 

screen intervals 5 to -60 ft msi 

- Sandwich Municipal Weil =5 (-700 gpm) 

Injection Wells = 30 (825 gpm) 

- 6 northern injection wells (220.38 gpm) 

screen interval 40 to -20 ft msi 

- 8 central injection wells (406.6 gpm) 

screen interval 40 to -20 ft ms! 

- 13 toe/southem injection wells (165 02 gpm) 

screen interval 5 to -60 ft msl 

- 3 east edge of toe/southem injection wells (33 gpm) 

screen interval 5 to -60 ft msi 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 
Mass (us) # of Particles Total Mass (^g) Captured Mass (ug) % Mass Captured 
238.95 423 101,075.35 97,013.7 93.98% 

23.895 ■ 1341 32043.195 29,773.2 92.92% 

0.04779 4635 221.50665 184.18 S3. 15%'"" 

totals 6399 133,340 5517 126,971 95.22% 

Upper pound Calculation 



Mass (ug) % of Panicles Total Mass (,ag) Captured Mass (.^g) % Mass Captured 



2389.5 
238.95 
23.895 



1341 
4635 



1,010,758.5 
320,431.95 
110,753.325 



9.70,137 
297,732 
92,091.3 



95.98% 
92.92% 
83.15%' 



totals 



6399 



1,441,943.775 



1,359,960 



C" 



Plume Capture Volume: 

Volume per % Volume 
Particle (ft 3 )" - of Particles Total Volume (fr) Captured Volume (ft 3 ) Captured 



29531.25 



6399 



1SS, 970,468. 8 



162,599,063 



86.04% 



Volume of water per panicle using porosity of 3 5% 



Environmental Consulting Engineers 
MMR FS-12 ~ 
Model Run Summary 
6-12-96 
Model: High K Box Model (ponds 10,000:1. vertical anisotropy) 
Description: Optimization 
Recharge = 27 in/'yr 
K Field =ECE denned. 
Nodes = 580285 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario £15 Run 4 

Extraction Weils = 31 (-785 gpm excluding Sandwich Weii =5) 

- 1 1 toe/south extraction wells (-245 gpm) 

screen intervals 5 to -60 ft msl 

- 9 western axial extraction weils (-300 gpm) 

screen intervals 5 to -60 ft msi 

- 4 northern axial extraction wells (-90 gpm) 

screen intervals 5 to -60 ft msl 

- 6 southern axial extraction weils (-150 gpm) 

screen intervals 5 to -60 ft msl 

- Sandwich Municipal Well =5 (-700 gpm) 

Injection Wells = 30 (785 gpm) 

- 6 northern injection wells (22S gpm) 
■ , screen interval 40 to -20 ft msl 

- 8 central injection wells (343 gpm) 

screen interval 40 to -20 ft msl 

- 13 toe/southern injection wells (178 gpm) 

screen interval 5 to -60 ft msl 

- 3 -east edge of toe/southern injection wells (36 gpm) 

screen interval 5 to -60 ft msi 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 
Mass (^g) # of Particles Total Mass (ug) Captured" Mass (uz) % Mass Captured 
238.95 423 101,075.85 98,686.4 

23.895 1341 ■ 32043.195 29,797.1 

0.04779 4635 221.50665 184.70 

totals 6399 133,340.5517 128,568 96.50% 

Upper Bound Calculation 



97 


.64% 


92 


.99% 


83 


.39% 



Mass Qg) ? of Particles Total Mass (ug) Capoired Mass (^g) % Mass Captured 
2339.5 423 1,010,758.5 986, 36^ 97.64% 

238.95' 1341 320,431.95 297,971 92.99% 



23.895 



4cji 



110,753.325 



92.354.2 



39% 



totals 



6399 



1,441,943.775 



1,377,133 



95.51%. 



Plume Capture Volume: 

Volume per 

Panicle (ft 3 )" s of Panicies Total Volume (ft 3 ) Captured Volume (ft 3 ) 



% Voiume 
Captured 



29531.25 



6399 



18S, 970,468.3 



163,160,156 



So. 34 



" Volume of water per panicle usins porosity of 35% 



Environmental Consulting Engineers 
MMR FS-12 " ■ 
Model Run Summary 
6-12-96 

Model: High K Bex Mode! (ponds 10,000: 1 vertical' anisotropy) 

Description: Optimization 

Recharge = 27 in/yr 

K Field =ECE denned. 

Nodes = 580385 

Elements = 530592 

Model Parameters: FS-12 PCS Scenario =15 Run 5 

Extraction "Wells = 31 (-805 gpm excluding Sandwich Well =5) 

- 1 1 toa'south extraction wells (-275 epm) 

screen intervals 5 to -60 ft msl 

- 9 western axial extraction wells (-320 gpm) 

screen intervals 5 to -60 ft msi 

- 4 northern axial extraction wells (-90 gpm) 

screen intervals 5 to -60 ft msl 

- 6 southern axial extraction wells (-120 gpm) 

screen intervals 5 to -60 ft msl 

- Sandwich Municipal Well #5 (-700 gpm) 

Injection Wells = 30 (805 gpm) 

- 6 northern injection wells (226.38 gpm) 
i screen interval 30 to -30 ft msl 

- 8 central injection wells (392.6 gpm) 

screen interval 30 to -30 ft msl 

- 13 toe/southern injection wells (153.02 gpm) 

screen interval 5 to -60 ft ms! 

- 3 east edge of toe/southem injection weils (33 gpm) 

screen interval 5 to -60 ft ms! 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 

Mass (ug) £ of Particles Total Mass (ug) Captured Mass (.^g) % Mass Captured 
238.95 423 101,075.85 100.59S 99.53% 

23.895 1341 32043.195 30,322.8 94.53% 

0.04779 4635 221.50665 187.38 8^.60%^ 



totals 6399 133,3-0.5517 15 1,1 OS 

Upper Bound Calculation 



Mass (.L:g) = of Particles Total Mass Qg) Captured Mass (uz) % Mass Cap tured 

23S9.5 ' 423 1,010,758.5 1,005,980 99.53% 

238.95 1341 320,431.95 303,228 94.63% 

23.895 4635 110,753.325 93,692.3 - ■ 84.60% 

totals 6399 1,-41,943.775 1,402,899 97.29% 

Plume Capture Volume: 

Voiume per % Volume 

Particle (ft 3 )* £ of Panicles Total Volume (ft J ) Captured Volume (ft 3 ) Captured 

29531.25 6399 1SS, 970,468. 8 165,699,844 87.59% 

* Volume of water per panicle usine porositv of 35% 
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Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 18 

Model Run Summary 

6-3-96 

Model: Constant Head 

Description: ECE denned inputs with 100% recharge, 100% K field, and 100% pumping rate. 

Recharge = 29 in/yr 

K Field = ECE denned. 

Nodes = 581958 

Elements = 53 1996 

Extraction Wells = 31 (-755 gpm excluding Sandwich Well =5) 

- 11 toe/south extraction wells (-30x2,-20x7,-30x2 gpm) 

- 9 western axial extraction wells (-35^-20x6,-35,-40 gpm) 

- 4 northern axial extraction wells (-40,-20,-20,-35 gpm) 

- 6 southern axiai extraction weils (-35,-20x4,-35 gpm) 

- Sandwich Municipal Weil =5 (-700 gpm) 

Injection Wells = 30 (755 gpm) 

- 6 nonhem injection wells (22.863 gpm) 

- 8 central injection weils (31.5 gpm) 

-. 16 toe/southem injection wells (22.863 gpm) 

Plume Capture: 
Mass: 

Lower Bound Calculation 



Mass (iig) 


# of Panicles 


i otal Mass (ug) 


Captured Mass (u 


g) 


% Mass Captured 


238.95 


423 


101075.85 


101075. S5 




100.00% 


23.895 


1341 


32043.195 


31995.405 




99.85% 


0.04779 


463 5 


221.50665 


214.00362 




96.61% 


totals 


6399 


133340.5517 


133285.2586 




99.96% 



Upper Bound Calculation 
Mass (ug) # of Panicles Total Mass pug) Captured Mass (^g) % Mass Captured 
2389.5 423 1010753.5 1010758.5 100.00% 

238.95 1341 320431.95 319954.05 99.85% 

23.895 4635 110753.325 107001. .81 96.61% 

totals 6399 1441943.775 1437714.36 99.71% 



Volume: 

"Associated % Volume 

Volume (ft 3 ) £ of Particles Total Voiurne (ft 3 ) Captured Volume (ft 3 ) Captured 

29531.25 6399 lSS,970,-i6S.S 184,275,000 97.52% 

" Asociate vciime resorted as the total volume associated with each panicle (84,375 ft 1 ) multiplied by ±e pcres;-.' 
0=3.35) 



FS-12 PCS SCENARIO 15 EXTRACTION WELLS (-755 gpm) 



North Axial Extraction Weils (-115 gpm) 







Bottom of Sere 


en 


Top of Screen 


Pump Rate 


Easting 


Northing 


(ft msi) 




(ft msi) 


(gpm) 


86S590 


252820 


-60 




5 


-40.00 


868630 


252660 


-60 




5 


-20.00 


868630 


252520 


-60 




5 


-20.00 


86S650 


252380 


-60 




5 


-35.00 




West 


Axial Extraction 


W« 


:11s (-230 gpm) 








3ottom of Sere: 


en 


Top of Screen 


Pump Rate 


Eastina 


Northing 


(ft msi) 




(ft msi) 


(gpm) 


867270 


252400 


-60 




■> 


-40.00 


867450 


252400 


-60 




5 


-20.00 


867610 


252380 


-50 




5 


-20.00 


867770 


252340 


-60 




5 


-20.00 


867910 


252300 


<>0 




> 


-20.00 


86S070 


252240 


-60 




■> 


-20.00 


S6S230 


252240 


-60 




■% 


-20.00 


868350 


252240 


-60 




5 


-35.00 


868470 


252180 


-60 




5 


-40.00 




Soutli 


Axial Extraction 


W; 


=Ils (-150 gpm) 








Bottom of Sere: 


:n 


Top of Screen 


Pump Rate 


Easting 


Northing 


(ft ms!) 




(ft msi) 


(gpm) 


868610 


252220 


-60 




5 


-35.00 


868610 


252060 


-60 




5 


-20.00 


86S610 


251920 


-60 




5 


-20.00 


868690 


251300 


-60 




5 


-20.00 


86S810 


2516S0 


-60 




5 


-20.00 


863950 


251430 


-50 




> 


-35.00 




Toe .- 


l _xial Extraction ' 


We, 


lis (-260 gpm) 








Bottom of Sere: 


en 


Tod of Screen 


Pump Race 


Easting 


Northing 


(ft msi) 




(ft msi) 


(gpm) 


868770 


250500 


-50 




5 


-30.00 


368850 


250540 


-60 




5 


-30.00 


863950 


250530 


-60 




5 


-20.00 


869050 


250640 


-60 




5 


-20.00 


869130 


250630 


-60 




5 


-20.00 


869230 


250720 


-60 




5 


-20.00 


S69310 


250760 


-50 




5 


-20.00 


869410 


250300 


-60 




5 


-20.00 


869510 


250S40 


-50 




5 


-20.00 


869590 


250330 


^0 




5 


-30.00 


369670 


250920 


-60 . 




5 


-30.00 



FS-12 PCS SCENARIO 15 INJECTION WELLS (755 gpm) 



Nonh Injection Weils (137. IS gpm) 







Bottom of Screen 


Top of Screen 


Pump Rate 


tasting 


Northing 


(ft msi) 


(ft msl) 


(gpm) 


867150 


252U0 


-60 


5 


22.86 


867290 


252120 


-60 


5 


22.86 


867450 


252120 


h50 


5 


22.86 


867630 


252100 


-60 


5 


22.86 


867SL0 


252060 


-60 


5 


22.86 


867970 


252000 


-60 


5 


22.86 


- 


Ce: 


itral Injection Weils 


(252 gpm) 








Bottom cf Screen 


Top of Screen 


Pump Rate 


Easting 


Northing 


(ft msl) 


(ft msl) 


(gpm) 


S6S050 


25 1780 


^0 


5 


31.50 


868090 


2515S0 


-60 


5 


31.50 


S6S050 


251400 


^50 


5 


31.50 


868130 


251220 


-60 


5 


31.50 


868210 


250920 


-60 


5 


31.50 


868370 


250800 


-50 


5 


31.50 


86S510 


250580 


-60 


5 


31.50 


86S550 


250400 


-60 ' 


> 


31.50 




7C: 


e Injecuon Welis (365.81 gpm) 








Bottom cf Screen 


Top of Screen 


Pump Rate 


Easting 


Northing 


(ft msi) 


(ft msl) 


(gpm) 


868710 


250300 


-60 


5 


22.86 


868910 


250260 


^0 


5 


22.86 


S69110 


250240 


-60 


5 


22.86 


869170 


250340 


^0 


5 


22.86 


869270 


250380 


-60 


■> 


22.86 


869390 


250400 


-50 


5 


22.86 


869450 


250480 


-60 


5 


22.86 


869550 


250520 


■60 


5 


22.86 


869630 


250580 


-60 


5 


22.86 


869710 


250600 


-60 


5 


22.86 


869S10 


250660 


-60 


5 


22. So 


869890 


250720 


-60 


5 


22.86 


869970 


250760 


-60 


2 


22.86 


870150 


250840 


-60 


5 


22.86 


870170 


251040 


-60 


2 


22.86 


870170 


251220 


-50 


5 


22.86 



OO'sl'slS 



or '^ **»s*jc 

"**V rOK ' ^"A bu^tuo 



l;oi;d/-=ss-c (Oo^![!ft s^ssriLpsssoy*,' 



s=i=- s suioiur.jj psziiiip.ao |==or\ y. lis 
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Environmental Consulting Engineers 

MMRFS-12 100/100/100 

Model Run Summary 

6-12-96 

Model: High K Box Mode! . 

Description: ECE defined inputs wi:h 100% K field, 100% recharge, and 100% pumping rates. 

Recharge = 27 in/yr 

K Field =ECE defl ned. 

Nodes = 580385 

Elements = 530592 

Model Parameters: FS-12 PCS Scenario #15 Run 6 

Extraction Wells = 3i (-32S gpm excluding Sandwich Well =5) 

- 1 1 toe'south extraction wells (-25x4, -20, -25, -20, -25x4 gpm) 

- 9 western axial extraction wells (-35,"-30x3, -35x3, -40x2 gpm) 

- 4 northern axial extraction wells (-22.5x3, -30 gpm) 

- 6 southern axial extraction wells (-25x5, -30 gpm) 

- Sandwich Municipal Weil =5 (-700 gpm) 

Injection Wells = 30 (82S gpm) 

- 6 northern injection wells (37.73x5 gpm) 

- 8 central injection wells (39.3, 50, 60, 70, 60x2, 40, 36.3 gpm) 

- 13 toe/southern injection wells (9.5, 10 , 10.5x5, 10.52, 12, 13, 14, 15, 15 gpm) 
-.3 east edge of tee/southern injection wells (12, 11, 10 gpm) 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 
Mass pa) = of Panicles Total Mass (qg) Captured Mass Qxg) % Mass Captured 
238.95 423 101,075.85 99164.25 98.11% 
23.895 1341 32043.195 30705.075 95.82% 
0.04779 4635 221.50665 187.86249 84.31% 



totals 6399 133,340.5517 130057.1375 97.54% 

Upper Bound Calculation 

Mass pig) = of Panicles Total Mass (ug) Captured Mass (^g) % Mass Captured 

2339.5 423 1,010,758.5 991,642.5 98.11% 

233.95 . 1341 320,431.95 307,050.75 95.32% 

23.895 4635 110,753.325 93931.245 34,81%-" 

totals 6399 1,441,943.775 1,392,624.495 96.53% 



Plume Capture Volume: 

Volume per % Volume 

Panicle (ft 3 )" # of Panicles Total Volume (-ft 3 ) Captured Volume (ft 3 ) Captured 



29531.25 6399 188,970,463.8 166,290,468.8 . .8S.0O% 

Volume of water per particle using porosity of 35% 



FS-12 PCS SCENARIO 15 EXTRACTION WELLS (-828 gpm) 



North Axial Extraction Wells (-97.5 gpm) 







Bottom of Screen 


Top of Screen 


Pump Rate 


Easting 


Northing 


(ft msH 


(ftmsl) 


(gpm) 


86S590 


25 2 320 


-60 


5 


-22.50 


868630 


252660 


-60 


5 


-22.50 


868630 


252520 


-60 


5 


-22.50 


868650 


252380 


-60 


5 


-30.00 




West 


Axial Extraction We 


lis (-310 gpm) 








Bcttcm of Screen 


Top of Screen 


Pump Rate 


Easting 


Northing 


(ft msl) 


(ftmsl) 


(gpm) 


867270 


252400 


-60 


5 


-35.00 


867450 


252400 


-60 


5 


-30.00 


867610 


252280 


-60 


5 


-30.00 


867770 


252340 


-60 


5 


-30.00 


867910 


252300 


-6C 


; 


-35.00 


86S070 


252240 


-60 


5 


-35.00 


868230 


252240 


-60 


5 


-35.00 


868350 


252240 


-60 


5 


-40.00 


863470 


252180 


-60 


5 


-40.00 




South 


Axial Extraction We 


iis (-155 gpm) 








Ecuom of Screen 


Top of Screen 


Pumo Rate 


EasiiriE 


Northing 


(ft msft 


(ftmsl) 


(gpm) 


863610 


252220 


-60 


5 


-25.00 


868610 


252060 


-60 


5 


-25.00 


868610 


251920 


hSO 


5 


-25.00 


868690 


251800 


-60 


5 


-25.00 


868810 


251680 


-60 


5 


-25.00 


863950 


251480 


-60 


5 


-30.00 




Toe . 


Axial Extraction Wei 


is (-265 gpm) 








Bottom cf Screen 


Top of Screen 


Pump Rate 


Easting 


Northing 


(ft msH 


(ft msl) 


(gpm) 


868770 


250500 


-60 


5 


-25.00 


868350 


250540 


-60 


5 


-25.00 


368950 


250530 


-60 


5 


-25.00 


869050 


250640 


-60 


5 


-25.00 


869130 


250630 


-60 


5 


-20.00 


869230 


250720 


-60 


5 


-25.00 


869310 


250760 


-60 


5 


-20.00 


369410 


250300 


-60 


5 


-25.00 


369510 


250340 


-60 


5 


-25.00 


869590 


250SS0 


-60 


5 


-25.00 


S69670 


250920 


-60 


5 


-25.00 



FS-12 PCS SCENARIO 15 INJECTION WELLS (828 gpm) 



North Injection Weils' (226.33 gpm) 







Bottom of Screen 


Top of Screen 


Pump Rate 


Eastins 


Northms 


(ft msi) 


(ft msll 


(gpm) 


867150 


252140 


-30 


30 


37.73 


867290 


252120 


-30 


30 


37.73 


867450 


252120 


-30 


30 


37.73 


867630 


252100 


-30 


30 


37.73 


367810 


252060 


-30 


30 


37.73 


367970 


252000 


-30 


30 


37.73 




Centrai Injection Wells (■ 


115.6 gpm) 








Bottom of Screen 


Top of Screen 


Pump Rate 


East ins 


Northins 


(ft msl) 


(ft msll 


(gpm) 


863050 


2517S0 


-30 


30 


39.30 


868090 


251530 


-30 


30 


50.00 


863050 


251400 


-30 


30 


60.00 


868130 


251220 


-30 


30 


70.00 


868210 


250920 


-30 


30 


60.00 


863370 


250800 


-30 


30 


60.00 


868510 


250580 


-30 


30 


40.00 


868550 


250400 


-30 ' 


30 


36.30 




Toe Injection Wells (IS 


5.52 gpm) 








Bottom of Screen 


Top of Screen 


Pump Rute 


Eastins 


Northing 


(ft ms!) 


(ft msl) 


(gpm) 


368710 


250300 


SO 


5 


9.50 


368910 


250260 


-60 


5 


10.00 


869 no 


250240 


-60 


5 


10.50 


369170 


250340 


-60 


5 


10.50 


869270 


250330 


■60 


3 


10.50 


869390 


250400 


-60 


5 


10.50 


869450 


250430 


-60 


5 


10.50 


869550 


250520 


-60 


5 


10.52 


869630 


250530 


h50 


5 


12.00 


869710 


250600 


-60 


^ 


13.00 


369810 


250660 


-60 


5 


14.00 


369890 


250720 


h50 


5 


15.00 


369970 


250760 


-CO 


5 


16.00 


870150 


250340 


-60 


5 


12.00 


870170 


251040 


-60 


5 


11.00 


370170 


251220 


-60 


5 


10.00 




hnvronrrientaJ Consuffrig Engineers 
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rS-12 5c:ncr!o 15. Hun f 6SS, (100,1CO,SWS). Wats 



Mcsscchuaetts Miiitcrv Reservctic 



Onwno; V«ruon N«v; Ik 
Snrmt $y: 0C3 

Drwng Nome RUHCSSJWC 



Oruwinq No. 

156.6S3.C1 




Environmental Consulting Engineers 




PjO. Box 22888 
Knoxvffla. TN 3TTS33 
f+cns U23 Wr-3068 



FS-12 Scsncrrc IS, Run f £. (1CC.1C0.1C0). Wcter Tests 



Mcssccfru setts Militcrv Reservation 



Orawfiq Vwrvan No^ Rot. a 
Orawnq None XJNe.3l"C 



Dravnq No. 

156.5.01 




Envircnrnental Consulting Engineers 




P.a Box 22S68 
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FS-12 System: Makeup of Pumped Water vs. Time* 
Contaminated Water Pumped as Percent of Total Water Pumped 



1 5% 



40% 



35% 



T1 




Q) 




tl. 




E 


30% 


ZJ 




n. 




i- 




(U 




ro 


25% 


£ 




ra 




o 


20% 


*_ 




o 




4-< 




c 




ou 
1) 


1 5% 


t~" 




v 




a. 





10% 



5% 



0% 




DQ Percent 
Contaminated 
Water Pumped 



TS-12 Contaminated Water Is dolined as water within the 0.02 ppb isoconcenlration contour ol EDO in the Data Gap Field Work Technical 

Memorandum (OpTech, 19 ( JG) 









F3-12 Plume Containment System Performance: 100/100/ 








Hun ID 


.•ate 
(com) 








?S- 12 Plume 








■ 


TotaJ 
oarticies 


Parnces 
eaotured 


Percent 
panicles 
eastured 


Totalrrass, 
Lcwer Scund 
(rmcrocrarrs) 


Percent 
Mass mass 
caniured. cactured. 
Lower Sound lower 
Imcrccrars) Bcund 


Tcial iTEss. 
Upoer Sound 
'rr.c.-oc7aTrs) 


Mass 

caciured. 

Upper Eounc 

(rricrscran-ts! 


rarcani 
rrass 

cactureC. 
Uooer 
3aund 


Percent 
volume 


S3 
RU.N7 
RUN6 
HUN8 




579 
823 
1075 


6399 
6399 
G3S9 


5010 
5631 

5351 


78.29?. 

es.oor- 

93.0Cr. 


133341 

133341. 

133341 


122339 S1.7S% 
130057 97.54% 
133200 9S.=9r. 


1441944 
1441944 
lii1S44 


13050S7 
1392524 
1430154 


SO.51% 
95.5ar. 
eg j qw 


73.2Sr. 

ss.oc^. 

S3. OCT. 







rS-;2Scanarfo IS, 1CCT. < 1C0T, rocharga 
%. Mass Cjpturo vs. Totai Pumping Ratas 






joo ago roo 



"5 

> 








?3-t2 Scenario *S, 1CC% '<. 1CC% rscnarge 
% Vafuma Gacturo vs. Total Pumping Rates 








i 
I 


tm. ' 












. - 1 .... J 




«i . . 












1 












. 


1 














• 


















i 
1 
















1 
















i 
















I 
















I ! 




* 












1 1 

1 1 





too 


ZOO 


3oa *oo mo «oo roo 
Tctil Py mains A»i» (;pm| 


too 


•oo 


I0CO < 


90 ' 



-■c^ •-..' 



M2H?E?.r XL3 



FS-1 2 Plume Containment System Performance: 1 00/1 00/# 
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FS-1 2 Scenario 15, 100% k, 100% recharge 
% Treated Water to Snake Pond vs. Total Pumping Rates 
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FS-1 2 Scenario 15, 100% k, 100% recharge 
% Recirculation vs. Total Pumping Rates 
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MMR FS-1 2 Groundwater Model Sensitivity/Uncertainty Analysis 
Capture of Contaminated Water in High Conductivity (K) Pond and Constant Head Pond Model Runs 

Environmental Consulting Engineers 

Hicr. >C Pond results iisted below are based on a ictal pumping rate of S23 gpm and 100% recharge = 27 In/'yr 

Constant Head Ponds runs were completed only for trie 100/100/100. 70/70/100. ana 12C/130/1C0 conditions 

'Constant Head Pones results listed below are based on a total oumping rate of 755 gpm and 100% recharge- = 29 ln/yr 

Ucoer 3cu.no % Mass Caoture values are oenved from particie mass values greater than the provides data mcrcate 

Lower Sound % Mass Caoture values are denved from particle mass values less than the provided data indicate 
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MMFTFS-1 2 Groundwater Mode! Sensitivity/Uncertainty Analysis 

rate of Treated Water in High Conductivity (High K) Pond Model Huns 

Environmental Consulting Engineers 

High K Pond results' listed befow are Sased on a total pumping rate cf S2S gpm 
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FS-12 Scenario IS, 7C% < 1C0% Total Pumping 
% Voluma Captura va. Recharge Rates 
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FS-12 Plume Containment System Performance: 70/#/loo ~~ 
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Fo-12 Scenario 15, 70% k, 100% total Pumping 
% Treated Water to Snake Pond vs. Recharge Rates 
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FS-12 Scenario 15, 70% k, 100% Total Pumping 
% Recirculation vs. Recharae Rates 
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FS-12 Plume Containment System Performance: 10u/#/lOO 
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% Volume Cacrjre vs. 3«cnsrce Rates 






i 




1 

1 












I 




3 


1 

1 














* 




1 














i 




v 1 : 






3 
> 


! 














J 






















K - 1 














! 






i 












1 


| 




1 














I 




1 














| 











10 


n » 




" 


a ! 
1 












H«cn«T5« a«J« I!n/yr) 




1 



6/17/95 1 1:24 AM 



: 1ZH.--.- 



■FS-12 Piurne Containment System Performance: 1QQ/#/10o 
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(Irvvri 
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Total Injected to Pumping Percent 
Panicles Wells Recirculation 


Particles Percent to 
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F5-12 Scenario 15, 100% k, 100% Total Pumping 
% Treated Water to Snake Pond vs. Recharge Rates 
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FS-12 Scenario 15, 100% k, 1C0% Total Pumping 
% Recirculation vs. Recharaa Rates 
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FS-12 Plume Containment System Performance: 130/#/100 



Run !D 



=£- 12 Plume 



Percent 
Hecnarge! Tctal . Pandas particles 
(lrvvrl I sanities captured cactured 



SS 
RUN 14 
RUN 10 
RUN 17 



27 
18.9 
27 

25.1 



63S9 
63SS 
63SS 



£543 
4540 
4677 



86.52% 
70.95% 
'73.09% 



rercent 
Mass mass 

Total mass, captured, captured. 
Lower Sound Lower Sound Lower 
(rrucrocrams) (mjcrccrarrs) Bound 



Percent 
Mass rrzss 

Tc:al mass, captured, cactured. 
Upper Sound Upper Bound Upper 
(mic.-ocrams) (mcrocrarrs) Sound 



133341 
133341 
133341 



13CS6S 
112457 
1 1 6023 



sa.u% 
84.3ir. 
S7.cn % 



.-9rcant 
volume 
captured 



1441S44 

1441S44 
1441S44 



13S8473 
11S83fi2 
1236710 



36. =9% 

33.11% 
ES.77% 



86.52% 
70.95% 
73.CS"'. 



F3-12 Scenario 15, 130% ic. 100% Total Pumping 
% Mass Capture vs. Recharge Rates 
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System Performance: 130/#/1.qo 
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FS-12 Scenario 15, 130% k, 100% iota! Pumping 
% Treated Water to Snake Pond vs. Recharge Rates 
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Environmental Consulting Engineers 

MMR FS-12 100/100/100/135SW5 

Model Run Summary 

6-18-96 

Model: High K Box Model 

Description: ECE defined inputs with 100% K field, 100% recharge, 100% pumping rates, and 
Sandwich Municipal Weil #5 pumping at 135 gpm. 
Recharge = 27 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario ==15 Run 6B 

Extraction Wells = 31 (-828 gpm excluding Sandwich Well £5) 

- 11 toe/south extraction wells (-25x4^-20, -25, -20, -25x4 gpm) 

- 9 western axial extraction weils (-35, -30x3, -35x3, -40x2 gpm) 

- 4 northern axial extraction wells (-22.5x3, -30 gpm) 

- 6 southern axial extraction wells (-25x5, -30 gpm) 

- Sandwich Municipal Vv'ei! ==5 (-135 gpm) 

Injection Wells = 30 (828 gpm) 

- 6 northern injection wells (37.73x6 gpm) 

- 8 central injection weils (39.3, 50, 60, 70, 60x2, 40, 36.3 gpm) 

- 13 toe/southem injection wells (9.5, 10, 10.5x5, 10.52, 12, 13, 14, 15, 16 gpm) 
-3 east edge of toe/southern injection weils (12, 1 1, 10 gpm) 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 
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i ctal Mass (tig) 


Captured Mass {li 


g) 


% Mass Captured 
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23.895 


1341 


32043.195 


31804.245 






99.25% 


0.04779 
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221.50665 


211.08843 






95.30% 


totals 


6399 


133,340.5517 
Ucper Bound C; 


133,091.1834 
liculacion 






99.81% 


Mass (^g) 


# of Particles 


Total Mass (,ug) 


Captured Mass (^.z) 


% 


Mass Captured 


2389.5 


423 


1,010,758.5 


1,010,758.5 






100.00% 


238.95' 


1341 


320,431.95 


318,0-^2.45 






99.25% ^ 


23.895 


463 5 




105,5^4.215 






95.30% 


totals 


6399 


1,441,943.775 


1,434,345.165 






99.47% 



Plume Capture Volume: 

Volume per % Volume 

Panicle (ft 3 )' # of Particles Total Volume (ft 3 ) Captured Volume (fV) Captured 



29531.25 6399 ISS, 970,458. 3 18,223,7343.3 96.44% 

Volume of water per panicle using porosity of 35% 



Environmental Consulting Engineers 
MMR FS-12 100/100/100/OSW5 
Model Run Summary 
• 6-18-96 

Model: High K Box Mode! 

Description: ECE defined inputs with 100% K field, 100% recharge, 100% pumping rates, and 
Sandwich Municipal Well #5 inactive. 
Recharge = 27 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 
Mode! Parameters: FS-12 PCS Scenario 215 Run 6C 

Extraction Wells = 31 (-828 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction wells (-25x4^-20, -25, -20, -25x4 gpm) 

- 9 western axial extraction wells (-35, -30x3, -35x3, -40x2 gpm) 

- 4 northern axial extraction wells (-22.5x3, -30 gpm) 

- 6 southern axial extraction wells (-25x5, -30 gpm) 

- Sandwich Municipal Well =5 (inactive) 

Injection Wells = 30 (828 gpm) 

- 6 northern injection wells (37.73x6 gpm) 

- 8 central injection wells (39.3, 50, 60, 70, 60x2, 40, 36.3 gpm) 

- 13 toe/southern injection wells (9.5, 10 , 10.5x5, 10.52, 12, 13, 14, 15, 16 gpm) 
-"3 east edge of toe/southern injection wells (12, 11, 10 gpm) 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 



Mass (p;g) 


£ of Panicles 


Total Mass (^g) 


Captured Mass (u 


g) 


% 


Mass Captured 


238.95 


423 


101,075.85 


101,075.85 






100.00% 


23.895 


1341 


32043.195 


32043.195 






100.00% 


0.04779 


4635 


221.50665 


203.34645 






91.80% 


totals 


6399 


133,340.5517 


133,322.3915 






99.99%, 






L'DDer Bound Calculation 








Mass (;j.g) 


# of Particles 


Total Mass (ug) 


Captured Mass (u 


■g) 


% 


Mass Captured 


2389.5 


423 


1,010,758.5 


1,010,758.5 






100.00%) 


238.95 


1341 " 


320,431.95 


320,431.95 






100.00% 


23.895 


4635 




101,673.225 






91.80% 


totals 


6399 


1.4^1,943.775 


1,432,863.675 






99.57% 



Plume Capture Volume: 

Volume per % Volume 

Panicle (ft 3 )' # of Panicles Total Volume (ft 3 ) Captured Volume (ft 3 ) Captured 

29531.25 6399 183,970,463.3 177,748,593.8 94.06% 

" Volume of water per panicle using porosity of 35% 



Environmental Consulting Engineers 

MMRFS-12 100/100/70 

Modei Run Summary 

6-12-96 

Model: High K Box Modei 

Description: ECE denned inputs with 100% K field, 100% recharge, .and 70% pumping rates. ' 
Recharge = 27 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario #15 Run 7 

Extraction Weils = 31 (-579 gpm excluding Sandwich Well =5) 

- 1 1 toe/south extraction wells (-17.5x4, -14, -17.5, -14, -17.5x4 gpm) 

- 9 western axial extraction wells (-24r5, -21x3, -24.5x3, -2Sx2 gpm) 

- 4 northern axial extraction we:!s (-15.75x3, -21 gpm) 

- 6 southern axial extraction weils (-17.5x5, -21 gpm) 

- Sandwich Municipal Weil =5 (-700 gpm) 

Injection Wells = 30 (579 gpm) 

- 6 northern injection weils (26.41x6 gpm) 

- 8 central injection weils (27.51, 35, 42, 49, 42x2, 28, 25.41 gpm) 

- 13 toe/southern injection weiis (6.65, 7, 7.35x5, 7.36, 8.4, 9.1, 9.8, 10.5, 1 1.2 gpm) 

- 3 east edge of tee/southern injection weils (8.4, 7.7, 7 gpm) 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 

Mass (;zg) = of Particles Total Mass (ll%) Captured Mass (u.g) % Mass Capture: 
238.95 423 101,075.85 94863.15 93.85% 

23.895 1341 32043.195 27359.775 85.38% 

0.04779 4635 221.50665 165.73572 74.82% 



totals 


6399 


133,340.5517 
Uocer Bound O 


122,388.6607 
ilculation 


91.79%o 


Mass (pis) 


# of Panicles 


Totai Mass (ug) 


Captured Mass (ug) 


% Mass CaDtured 


2389.5 


423 


1,010,758.5 


948,631.5 


93.85% 


238.95 


1341 


320,431.95 


273,597.75 


85.3S% 


23.895 


4635 


1 10.753. 3">5 


82867.86 


74.32%.^ 


totals 


6399 


I 44; 943 775 


1,305,097.1 i 


90.51% 



Plume Capture Volume: 

Volume per _ % Volume 

Parncie (it 3 ) # of Panicles lotal Volume (ft J > Captured Volume (ft 3 ) • Captured 
29531.25 6399 188,970,468.3 147,951,562.5 

Volume of water per particle using porosity of '3 5% 
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Environmental Consulting Engineers 

MMRFS-12 100/100/130 

Model Run Summary 

6-12-96 

Model: High K Box Model 

Description: ECE denned inputs with 100% K field, 100% recharge, and 130% pumping rates. 
Recharge = 27 in/'yr 
K Field =ECE denned. 
Nodes = 580385 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario #15 Run 8 

Extraction Wells = 31 (-1076 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction weiis (-32.5x4, -26, -32.5, -26, -32.5x4 gpm) 

- 9 western axial extraction wells (-45 j, -39x3, -45.5x3, -52x2 gpm) 

- 4 northern axial extraction wells (-29.25x3, -39 gpm) 

- 6 southern axial extraction wells (-32.5x5, -39 gpm) 

- Sandwich Municipal Well #5 (-700 gpm) 

Injection Wells = 30 (1076 gpm) 

- 6 northern injection wells (49.05x6 gpm) 

- 8 central injection wells (51.09, 65, 7S, 91, 78x2, 52, 47.19 gpm) 

- 13 toe'south injection wells (12.35, 13, 13.65x5, 13.63, 15.6, 16.9, IS. 2, 19.5, 20. S 
gpm) 

-"3 east edse of toe/southern injection wells (15.6, 14.3, 13 gpm) 



Plume Capture, FS-12 Mass: 

Lower Bound Calculation 

Mass fcg) £ of Panicles Total Mass fcg) Captured Mass (,ag) % Mass Captured 

238.95 423 101,075.85 101,075.85 . 100.00% 

23.895 1341 32043.195 31923.72 99.63% 

0,04779 4635 221.50665 200.33568 90.44% 

totals 6399 133,340.5517 133,199.9057 99.89% 

Upper Bound Calculation 

Mass (^g) ~ of Panicles Totai Mass (ug) Captured Mass jug) % Mass Captured 

2389.5 423 1,010,758.5 1,010,758.5 100.0% 

238.95 1341 320,431.95 319,237.2 ' 99.63% 

23,895 463 5 110,753.325 100167.84 90.44% 

totals 6399 1,-41,943.775 1,430,163.54 99.13% 



Plume Capture Volume: 

Volume per ' % Volume 

Particle (ft 3 )* s of Particles Total Volume (fr 3 ) Captured Volume (ft') Captured 

29531.25 6399 183,970,468.8 175,740,468.8 93.00% 

" Volume of water per particle using porosity of 35% 
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Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 9SS 

Model Run Summary 

6-10-96 

Model: High, K Box Model 

Description: ECE denned inputs with 70%. K held, 100% recharge, and Sandwich^f 

Recharge -29 in/vr 

K Field =ECE denned. 

Nodes = 580385 

Elements = 530592 

Extraction Wells = 1 (ambient conditions including Sandwich Well #5) 

- Sandwich Municipal We!! #5 (-700 gpm) 

Injection Wells = 
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Environmental Consulting Engineers 

MMR FS-12 70/100/100 

Model Run Summary 

6-12-96 

Model: High K Box Model 

Description: ECE denned inputs with 70% K field, 100% recharge, and 100% pumpine rates. 
Recharge = 27 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario £15 Run 9 

Extraction Wells = 31 (-823 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction wells (-25x4, -20, -25, -20, -25x4 gpm) 

- 9 western axial extraction weils (-35_-30x3, -35x3, -40x2 gpm) 

- 4 northern axial extraction wells (-22.5x3, -30 gpm) 

- 6 southern axial extraction wells (-25x5, -30 gpm) 

- Sandwich Municipal Weil =5 (-700 gpm) 

Injection Wells = 30 (S2S gpm) 

- 6 northern injection wells (37.73x5 gpm) 

- 8 central injection weiis (39.3, 50, 60, 70, 60x2, 40, 36.3 gpm) 

- 13 toe/southern injection wells (9.5, 10, 10.5x5, 10.52, 12, 13, 14, 15, 16 gpm) 

- 3 east edge of toe/southern injection wells (12, 11, 10 gpm) 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 



Mass (ug) 


~ of Particies 


Total Mass (ug) 


Captured Mass (ug) 


% Mass Captured 


238.95 


423 


101075.85 


99403.2 


98.35% 


23.89-5 


1341 


32043.195 


29844.855 


93.14% 


0.04779 


4635 


221.50665 


181.07631 


81.75% 


totals 


6399 


133340.5517 
Upper Bound Call 


129429.1313 
culation 


97.07%o 


Mass Gxg) 


# of Particles 


Total Mass (ug) 


Captured Mass (^g) 


% Mass Caoturea 


2389.5 


423 


1010758.5 


994032 


98.35% 


238.95 


1341 


320431.95 


298448.55 


93.14% 


23.895 


4635 


110753.325 


90538.155 


81.75% __ 


totals 


6399 


1441943.775 


1383018.705 


95.91% 



Plume Capture Volume: 

Volume per . % Volume 

Panicle (ft 3 )* # of-Panicies Total Volume (ft 3 ) Captured Volume (ft 3 ), ■ Captured- 

29531.25 6399 188,970,468.8 161063437.5 -85.23% 

" Volume of water per panicle using porosity of 35 3 /o- 
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Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 10SS 

Model Run Summary 

6-10-96 

Model: High K Box Model 

Description-: ECE denned inputs with 130% K field, 100% recharge, and Sandwiches 
Recharge = 29 in/yr 
K Field =ECE denned. 
Nodes = 580385 
Elements = 530592 

Extraction Wells = 1 (ambient conditions including Sandwich Well =5) 

- Sandwich Municipal Weil =5 (-700 gpm) 
Injection Wells = 
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Plume Capture Volume: 

Volume per % Volume 

Particle (ft 3 )* # of Particles Total Volume (ft 3 ) Caotured Volume (ft 3 ) Cantured 



29531.25 6399 188,970,468.8 134,071,875 70.95% 

' Volume of water per particle using porosity of 35% 



Environmental Consulting Engineers 

MMR FS-12 130/100/100 

Model Run Summary 

6-12-96 

Model: High K Box Model 

Description: ECE denned inputs with 130% K field. 100% recharge, and 100% pumping rates. 
Recharge = 27 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario #15 Run 10 

Extraction Wells = 31 (-828 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction wells (-25x4, -20, -25, -20, -25x4 gpm) 

- 9 western axial extraction wells (-35, -30x3, -35x3, -40x2 gpm) 

- 4 northern axial extraction wells (-22.5x3, -30 gpm) 

- 6 southern axial extraction wells (-25x5, -30 gpm) 

- Sandwich Municipal Well #5 (-700 gpm) 

Injection Wells = 30 (828 gpm) 

- 6 northern injection wells (37.73x6 gpm) 

- 8 central injection wells (39.3, 50, 60, 70, 60x2, 40, 36.3 gpm) 

- 13 toe/southern injection wells (9.5, 10 , 10.5x5, 10.52, 12. 13, 14, 15, 16 gpm) 

- 3 east edge of toe/southera injection wells (12, 11, 10 gpm) 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 



Mass (jj.z) 


# of Panicles 


Total Mass (ug) 


Captured Mass (>ig) 


% 


Mass Captured 


238.95 


423 


101075.85 


87933.6 




87.00% 


23.8-95 


1341 


32043.195 


24372.9 




76.06% 


0.04779 


4635 


221.50665 


150.63^-08 




68.00% 


totals 


6399 


133340.5517 


112457.1341 


84.34% 






Uooer Bound Calculation 






Mass (^g) 


# of Particles 


Total Mass (ug) 


Captured Mass (ug) 


% 


Mass Captured 


2389.5 


423 


1010758.5 


879336 




87.00% 


238.95 


1341 


320431.95 


243729 




76.06% 


23.895 


4635 


110753.325 


75317.0^ 




68.00%^ 


totals 


6399 


l^lQ-l" ~1^ 


1198382.04 




83.11% 
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Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 11SS 

Model Run Summary 

6-10-96 

Model: High K Box Model 

Description: ECE defined inputs with 70% K field, 70% recharge, and Sandwich=5. 
Recharge =.20.3 in/'yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 

Extraction Wells = 1 (ambient conditions including Sandwich Well ==5) 

- Sandwich Municipal Weil #5 (-700 gpm) 

Injection Wells = 
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Environmental Consulting Engineers 
MMR FS-12 70/70/10<f 
Model Run. Summary 
.6-12-96 

Model: High K Box Model 

Description: ECE defined inputs with 70% K field. 70% recharge, and 100% pumping raies. 

Recharge = IS. 9 in/yr 

K Field =ECE defined. 

Nodes = 580385 

Elements = 530592 

Model Parameters: FS-12 PCS Scenario =15 Run 11 

Extraction Wells = 31 (-828 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction wells (-25x4, -20, -25, -20, -25x4 gpm) 

- 9 western axial extraction wells (-35, -30x3, -35x3, -40x2 gpm) 

- 4 northern axial extraction wells (-22.5x3, -30 gpm) 

- 6 southern axial extraction wells (-25x5, -30 gpm) 

- Sandwich Municipal Well #5 (-700 gpm) 

Injection Wells = 30 (828 gpm) 

- 6 northern injection wells (37.73x6 gpm) 

- 8 central injection wells (39.3, 50, 60, 70, 60x2, 40, 36.3 gpm) 

- 13 toe/southern injection wells (9.5, 10 , 10.5x5, 10.52, 12, 13, 14, 15, 16 gpm) 

- 3 east edge of toe/southern injection wells (12, 11, 10 gpm) 

Plume Capture, FS-12 Mass: 

i Lower Bound Calculation 

Mass (ug) # of Particles Total Mass Ug) Captured Mass (;xg) % Mass Captured 
238.95 423 101075.85 101075.85 100.00% 

23.895 1341 32043.195 32043.195 100.00% 

0.04779 4635 221.50665 219.30831 99.01% 

totals 6399 133340.5517 133338.3533 100.00% 

Upper Bound Calculation 
Mass (^2) # of Particles Total Mass Cug) Captured Mass (^g) % Mass Captured 



2389.5 423 1010758.5 1010758.5 100.00% 

238.95 1341 320431.95 320431.95 100.00% 

23.895 4635 110753.325 10965^.155 99.01% 



totals 6399 1^19-13.775 1^08^.605 



Plume Capture Volume: 

Volume per % Volume 

Particie (ft 3 )* # of Panicles Total Volume (fr) Captured Volume (ft 3 ) Captured 

29531.25 6399 188,970,468.3 . 187,612,031.3 99.28% 

" Volume of water per particle using porosity of 359c 
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Environmental Consulting Engineers 

MMR FS-12 70/70/70 

Model Run Summary 
6-12-96 
Model: High K Box Model 

Description: ECE denned inputs. with 70% K field, 70% recharge, and 70% pumping rates 
Recharge = 18.9 in/yr 
K Field =ECE denned. 
Nodes = 580385 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario #15 Run 12 

Extraction Wells = 31 (-579 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction wells (-17.5x4, -14, -17.5, -14, -17.5x4 spm) 

- 9 western axial extraction wells (-24.5, -21x3, -24.5x3, -28x2 spm) 

- 4 northern axial extraction wells (-15.75x3, -21 gpm) 

- 6 southern axial extraction wells (-17.5x5, -21 gpm) 

- Sandwich Municipal Weil #5 (-700 gpm) 

Injection Wells = 30 (579 gpm) 

- 6 northern injection wells (26.41x6 gpm) 

- 8 central injection wells (27.51, 35, ~2, 49, 42x2. 28, 25.-1 gpm) 

- 13 toe/southern injection wells (6.65, 7, 7.35x5, 7.36, 8.4, 9.1, 9.8, 10.5, 1 1.2 spm) 

- 3 east edge of toe/southern injection wells (8.4, 7.7, 7 gpm) 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 



Mass (^g) 


# of Particles 


Total Mass (,ug) 


Captured Mass C"g) 


% 


Mass Caotured 


238.95 


423 


101075,85 


98208.45 




97.16% 


23.895 


1341 


32043.195 


29892.645 




93.29% 


0.04779 


4635 


221.50665 


184.61277 




83.34% 


totals 


6399 


133340.5517 


128285.7078 




96.21% 






Upoer Bound Calculation 






Mass (^g) 


# of Particles 


Total Mass (uz) 


Caotured Mass (^s) 


% 


Mass Caotured 


2389.5 


423 


1010758.5 


98208^.5 


97.16% 


238.95 


1341 


320431.95 


298926.45 




93.29% 


23.895 


4635 


110753.325 


92306.385 




83.34%-- 


totals 


6399 


1441943.775 


1373317.335 




95.24% 



Plume Capture Volume: 

Volume per - . _ % Volume 

Particle .(.ft 5 )* # of Particles Total Volume (fr) Captured Volum e (ft 3 ) Captured 

29531.25 6399 188,970,468.8 163,160,156.3 " 86:34% 

* Volume of water per particle using porosity of 25% 
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Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 13SS 

Model Run Summary 

6-10-96 

Model: High K Box Mode! 

Description: ECE denned inputs with 100% K field, 70% recharge, and Sandwiches. 

Recharge — 20.3 in/yr 

K Field =ECE denned. 

Nodes = 580385 

Elements = 530592 

Extraction Wells = 1 (ambient conditions including Sandwich Well #5) 

- Sandwich Municipal Well =5 (-700 gpm) 
Injection Wells = 
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Environmental Consulting Engineers 

MMR FS- 12 100/70/100 

Mode! Run Summary 

6-12-96 

Model: High K Box Model 

Description: ECE defined inputs with 100% K field, 70% recharge,. and 100% pump ins rates. 
Recharge = 18.9 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario #15 Run 13 

Extraction Wells = 31 (-828 gpm excluding Sandwich Weil #5) 

- 1 1 toe/south extraction wells (-25x4, -20, -25, -20, -25x4 gpm) 

- 9 western axiaLextraction wells (-35. -30x3, -35x3, -40x2 gpm) 

- 4 northern axial extraction wells (-22.5x3, -30 gpm) 

- 6 southern axial extraction wells (-25x5, -30 gpm) 

- Sandwich Municipal Well #5 (-700 gpm) 

Injection Wells = 30 (82S gpm) 

- 6 northern injection wells (37.73x6 gpm) 

- 8 central injection wells (39.3, 50, 60. 70, 60x2, 40, 36.3 gpm) 

- 13 toe/southem injection wells (9.5, 10 , 10.5x5, 10.52. 12, 13, 14, 15, 16 gpm) 

- 3 east edge of toe/southern injection wells (12. 1 1, 10 gpm) 

Plume Capture, FS-12 Mass: 



Lower Bound Calculation 



Mass (uz) 


~ of Particles 


Total Mass (^g) 


Captured Mass (l 


ig) 


% 


Mass Captured 


238.95 


423 


101075.85 




101075.85 






100.00% 


23.895 


1341 


32043.195 




31899.825 






99.55% 


0.0^779 


4635 


221.50665 




196.56027 






88.74% 


totals 


6399 


133340.5517 
Uooer Bound Cai; 


:ula 


133172.2353 

Lticn 






99.87% 


Mass (ug) 


# of Particles 


Total Mass (us,) 


Q 


iptured Mass (; 


■ig) 


% 


Mass Cantured 


2389.5 


423 


1010758.5 




1010758.5 






100.00% 


238.95 


1341 


320431.95 




318998.25 






99.55% 


23.895 ' 


4635 






98280.135 






8 8. l^c ~ 


totals 


6399 


1^41943.775 




1428036.885 






99.047c 



Plume Capture Volume: 

Volume per % Volume 

Panicle (ft 3 )* # of Particles Total Volume (fr) Captured Volume (ft 3 ) Captured 

29531.25 6399 188,970,468.8 173,377,968.8 91.75% 

" Voiume of water per particle using porosity of 35% 
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Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 14SS 

Mode! Run Summary 

6-10-96 

Model: High K Box Mode! 

Description: ECE denned inpurs with 130% K field, 70% recharge, and Sandwich??: 
Recharge = 20.3 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 

Extraction Wells = 1 (ambient conditions including Sandwich Well =?5) 

- Sandwich Municipal Well =5 (-700 gprn) 

Injection Wells = 
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Environmental Consulting Enaineers 

MMR FS-12 130/70/100" 

Model Run Summary 

6-12-96 

Model: High K Box Model 

Description: ECE defined inputs with 130% K field. 70% recharge, and 100% pumpins rates. 

Recharge = 27 in/yr 

K Field = ECE defined. 

Nodes = 580385 

Elements = 530592 

Model Parameters: FS-12 PCS Scenario #15 Run 14 

Extraction Wells = 31 (-828 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction wells (-25x4, -20, -25, -20, -25x4 gpm) 

- 9 western axial extraction wells (-35, -30x3, -35x3, -40x2 gpm) 

- 4 northern axial extraction wells (-22.5x3, -30 gpm) 

- 6 southern axial extraction wells (-25x5, -30 gpm) 

- Sandwich Municipal Weil #5 (-700 gpm) 

Injection Wells = 30 (828 gpm) 

- 6 northern injection weils (37.73x6 gpm) 

- 8 central injection wells (39.3. 50, 60. 70, 60x2, 40, 36.3 gpm) 

- 13 toe/southem injection wells (9.5, 10 , 10.5x5, 10.52, 12, 13, 14, 15, 16 gpm) 

- 3 east edge of toe/southern injection wells (12. 11, 10 gpm) 



Plume Capture, FS-12 Mass: 
■ i 












Lower Bound Cal< 


ralation 




Mass (;zg) 


# of Particles 


Total Mass (ug) 


Captured Mass (ug) 


% Mass CaDtured 


238.95 


423 


101075.85 


99881.1 


98.82% 


23.895 


1341 


32043.195 


30800.655 


96.12% 


0.04779 


4635 


221.50665 


183.32244 


82.76% 


totals 


6399 


133340.5517 


130865.0774 


98.14% 






UpDer Bound Calculation 




Mass (^z) 


# of Particles 


Total Mass (fig) 


Captured Mass (ug) 


% Mass Captured 


2389.5 


423 


1010758.5 


998811 


98.82% 


238.95 


1341 


320431.95 


308006.55 


96.12% 


23.895 


4635 


110753.325 


91661.22 


82.76% - 


totals 


6399 


1441943.775 


1398478.77 


96.99% 



Plume Capture Volume: 



Volume per % Volume 

Panicle (ft 3 )" # of Panicles Total Volume (ft 3 ) Captured Volume (ft 3 ) Caotured 



29531.25 6399 188,970,468.8 163,691,718.8 . 86.62% 

Volume of water per panicle using porosity of 35% 
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Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 15SS 

Model Run Summary 

6-10-96 

Model: High K Box Model 

Description: ECE defined inputs with 70% K field, 1 3 0% recharge, and Sandwiches. 
Recharge - 37.7 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 

Extraction Wells = 1 (ambient conditions including Sandwich Well #5) 

- Sandwich Municipal Well =?5 (-700 gpm) 
Injection Wells = 
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Environmental Consulting Engineers 
MMR FS-12 70/130/100 . 
Model Run Summary 
6-12-96 ' 

Model: High K Box Model 

Description: ECE denned inputs with 70% K field, 1309c recharge, and 100% pumping rates. 

Recharge = 35.1 in/yr 

K Field = ECE denned. 

Nodes = 580385 

Elements = 530592 

Model Parameters: FS-12 PCS Scenario #15 Run 15 

Extraction Wells = 31 (-S28 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction wells (-25x4, -20, -25, -20, -25x4 gpm) 

- 9 western axial extraction wells (-35., -30x3, -35x3, -40x2 gpm) 

- 4 northern axial extraction wells (-22.5x3, -30 gpm) 

- 6 southern axial extraction wells (-25x5, -30 gpm) 

- Sandwich Municipal Well #5 (-700 gpm) 

Injection Wells = 30 (828 gpm) 

- 6 northern injection wells (37.73x6 gpm) 

- 8 central injection wells (39.3, 50, 60, 70, 60x2, 40, 36.3 gpm) 

- 13 toe/southern injection wells (9.5, 10 , 10.5x5, 10.52, 12, 13, 14, 15, 16 gpm) 

- 3 east edge of toe/southern injection wells (12, 11, 10 gpm) 

Plume Capture, FS-12 Mass: 



Lower Bound Calculation 



Mass (i±g) 


# of Particles 


Total Mass {u%) 


Captured Mass Cug) 


% 


Mass CaDtured 


238.95 


423 


101075.85 


95818.95 




94.80% 


23.895 


1341 


32043.195 


26762.4 




83.52% 


0.0^779 


4635 


221.50665 


177.82659 




80.287c 


totals 


6399 


133340.5517 


122759.1766 




92.06% 






Uoper Bound Calculation 






Mass Cug) 


# of Parades 


Total Mass (ug) 


Captured Mass (/ig) 


% Mass Captured 


2389.5 


423 


1010753.5 


958189.5 




94.80% 


238.95 


1341 


320431.95 


267624 




83.52% 


23.895 


4635 


110753.325 


88913.295 




80.28% _ 


totals 


6399 


1441943.775 


1314726.795 




91.18% 



Plume Capture Volume: 

Volume per _ % Volume 

Panicle (ft 3 )' # of Panicles Total Volume (ft 3 ) Captured' Volume (ft 3 ) Captured 



29531.25 6399 188,970,468.3 154802812.5 81.92% 

Volume of water per panicle using porosity of 35% 
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Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 16SS 

Model Run Summary 

6-10-96 

Model: High K Box Model 

Description: ECE defined inputs with 100% K field,- 130% recharge, and Sandwich* 
Recharge = 37.7 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 

Extraction Wells = 1 (ambient conditions including Sandwich Well #5) 

- Sandwich Municipal Well #5 (-700 gpm) 
Injection Wells = 
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Environmental Consulting Engineers 

MMR FS-12 100/130/100 

Model Run Summary 

6-12-96 

Model: High K Box Model 

Description: ECE denned inputs with' 100% K field, 130% recharge, and 100% pumpins rates. 
Recharge = 35.1 in/yr 
K Field = ECE defined. 
Nodes = 580385 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario #15 Run 16 

Extraction Weils = 31 (-828 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction wells (-25x4, -20, -25, -20, -25x4 gpm) 

- 9 western axial.extraction wells (-35. -30x3, -35x3, -40x2 gpm) 

- 4 northern axial extraction wells (-22.5x3, -30 gpm) 

- 6 southern axial extraction wells (-25x5, -30 gpm) 

- Sandwich Municipal Weil #5 (-700 gpm) 

Injection Wells = 30 (828 gpm) 

- 6 northern injection wells (37.73x6 gpm) 

- 8 central injection wells (39.3, 50, 60, 70, 60x2, 40, 36.3 gpm) 

- 13 toe/southem injection wells (9.5, 10 , 10.5x5, 10.52, 12, 13, 14, 15, 16 gpm) 

- 3 east edge of toe/southern injection wells (12, 11, 10 gpm) 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 



Mass (us) 


# of Particles 


Total Mass (ug) 


Captured Mass (ug) 


% Mass Cantured 


238.95 


423 


101075.85 


98447.4 


97.40% 


23.895 


1341 


32043.195 


28674 


89.49% 


0.04779 


4635 


221.50665 


182.51001 


82.39% 


totals 


6399 


133340.5517 


127303.91 


95.47% 






Upper Bound Calculation 




Mass (ug) 


•t of Particles 


Total Mass (ug) 


Captured Mass (ug) 


% Mass Capture d 


2389.5 


423 


1010758.5 


984474 


97.40% 


238.95 


1341 


320431.95 


286740 


89.49% 


23.895 


^635 


110753'.325 


91255.005 


82.39% _- 


totals 


6399 


1441943.775 


1362469.005 


94.49% 



Plume Capture Volume: 

Volume per ■ ' , . % Volume 

Particle (ft 3 )" # of Panicles Total Volume (ft 3 ) Cap cured Volume (fr) Captured 

29531.25 ■ 6399 188,970,468.8 160,38^,218.8 84.87% 



Volume of water per panicle using porosity of 35 



-/c 
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Environmental Consulting Engineers 
MMR FS-12 PCS Scenario #15 Run 17SS 
Model Run Summary 
6-10-96 ' . 

Model: High K Box Mode! 

Description: ECE defined inputs with 130% K field, 130% recharge, and Sandwiches. 
Recharge = 37.7 in/yr 
K Field =ECE defined. 
Nodes = 580385 
Elements = 530592 

Extraction Wells = 1 (ambient conditions including Sandwich Well #5) 

- Sandwich Municipal Well #5 (-700 gpm) 

Injection Weils = 
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Environmental Consulting Engineers 

MMR FS-1'2 130/130/100 

Model Run Summary 

6-12-96 

Model: High K Box Model 

Description: ECE denned inputs with 130% K field, 130% recharge, and 100% pumping rates. 

Recharge = 35.1 in/yr 

K Field = ECE denned. - 

Nodes = 580385 

Elements = 530592 

Model Parameters: FS-12 PCS Scenario #15 Run 17 

Extraction Wells = 31 (-828 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction wells (-25x4, -20, -25, -20, -25x4 gpm) 

- 9 western axial extraction wells (-35 r -30x3, -35x3, -40x2 gpm) 

- 4 northern axial extraction wells (-22.5x3, -30 gpm) 

- 6 southern axial extraction wells (-25x5, -30 gpm) 

- Sandwich Municipal Well #5 (-700 gpm) 

Injection Wells = 30 (828 gpm) 

- 6 northern injection wells (37.73x6 gpm) 

- 8 central injection wells (39.3, 50, 60, 70, 60x2, 40, 36.3 gpm) 

- 13 toe/southern injection wells (9.5, 10 , 10.5x5, 10.52, 12, 13, 14, 15, 16 gpm) 

- 3 east edge of toe/southem injection wells (12, 11, 10 gpm) 

Plume Capture, FS-12 Mass: 



Lower Bound Calculation 



Mass Cug) 


# of Panicles 


Total Mass (;zg) 


Captured Mass (uz) 


% 


Mass Captured 


238.95 


423 


101075.S5 


91278.9 




90.31% 


23.895 


1341 


32043.195 


24587.955 




76.73% 


0.04779 


4635 " 


221.50665 


156.08214 




70.46% 


totals 


6399 


133340.5517 


116022.9371 




87.01% 






Upper Bound Calculation 






Mass (Mg) 


# of Particles 


Total Mass (;xg) 


Captured Mass (,ug) 


% Mass CaDtured 


2389.5 


423 


1010758.5 


912789 




90.3 1% 


238.95 


1341 


320431.95 


245879.55 




76.73 % 


23.895 


4635 


110753.325 


78041.07 




70.46% ^ 


totals 


6399 


1^41943.775 


1236709.62 




85.77% 



Plume Capture Volume: 

Volume per % Volume 

Particle (ft 3 )" # of Panicles Total Volume (ft 3 ) Captured Volume (ft 3 ) Capture d 

29531.25 6399 188,970,468.3 138,117,656.3 73.09%. 

"Volume of water per particle using porosity of 359c 
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Environmental Consulting Engineers 

MMR FS-12 130/130/130 

Mode! Run Summary 

6-12-96 

Model: High K Box Model 

Description: ECE defined inputs with 130% K field, 130% recharge, and 130% pumping rates. 
Recharge = 35. 1 in/yr 
K Field = ECE defined. 
Nodes = 580385 
Elements = 530592 
Model Parameters: FS-12 PCS Scenario #15 Run 18 

Extraction Wells = 31 (-1076 gpm excluding Sandwich Weil -5) 

- 11 toe/south extraction wells (-32.5x4, -26, -32.5, -26, -32.5x4 gpm) 

- 9 western axial -extraction weils (-45,5, -39x3, -45.5x3, -52x2 gpm) 

- 4 northern axial extraction wells (-29.25x3, -39 gpm) 

- 6 southern axial extraction wells (-32.5x5, -39 gpm) 

- Sandwich Municipal Well #5 (-700 gpm) 

Injection Wells = 30 (1076 gpm) 

- 6 northern injection wells (49.05x6 gpm) 

- S central injection wells (51.09, 65, 78, 91, 78x2, 52, 47.19 gpm) 

- 13 toe/scuth injection wells (12.35, 13, 13.65x5, 13.68, 15.6, 16.9, 18.2, 19.5, 20.8 
gpm) 

-"3 east edge of toe/southern injection wells (15.5, 14.3, 13 gpm) 

Plume Capture, FS-12 Mass: 

Lower Bound Calculation 

Mass pig) # of Panicles Total Mass p:g) Captured Mass pig) % Mass Captured 

238.95 423 101075.85 96296.85 95.27% 

23.895 1341 32043.195 25304.805 78.97% 

0.04779 4635 221.50665 158.61501 71.61% 

totals 6399 133340.5517 121760.27 91.32% 

Upper Bound Calculation 
Mass p/g) g of Panicles Total Mass (^g) Captured Mass (u.%) % Mass Captured 
2389.5 423 1010758.5 121760.27 95.27% 

238.95 1341 320431.95 253048.05 78.97% 

23.895 4635 110753.325 79307.505 71.61%,- 

totals 6399 1441943.775 1295324.055 89.83% 



Plume Capture Volume: 

Volume per ■ % Volume 

Panicle (ft 3 )* # of Panicles Total Volume (ft 3 ) Captured Volume (n 3 ) Captured 

29531.25 6399 188,970,468.3 141,138,906.3 74.71% 

" Volume of water per panicle using porosity of 35% 
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Model: Constant Head 
Recharge = 37.7 in/yr 
Nodes = 58 1 958 
Elements = 531996 



Environmental Consulting Engineers 

MMR FS-.12 PCS Scenario #15 Run 15F: SS 

Model Run Summary 

5-28-96 



Wells = 



- Sandwich Well #5 (not active) 



Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 15F: SS_S AND 

Model Run Summary 

5-28-96 

Model:. Constant Head 
Recharge - 37.7 in/yr 
odes = 581958 
Elements = 531996 

Wells = 1 

- Sandwich Well #5 (700 gpm) 



Model: Constant Head 
Recharge = 37.7 in/yr 
Nodes = 581958 
Elements =531996 



Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 15F 

Model Run Summary 

5-24-96 



Wells = 6 1 



- 4 southeast extraction wells (-25 gpm) 

- 7 southeast extraction wells (-20 gpm) 

- 1 axial extraction wells (-40 gpm) 

- 1 axial extraction wells (-30 gpm) 

- 17 axial- extraction wells (-20- gpm) 

- 30 injection wells (21.67 gpm) 

- TOTAL PUMP RATE = 650 GPM (excluding Sandwich Well #5) 

- Sandwich Well #5 (700 gpm) 



Plume Particle Capture: 

- > 10 ppb: 75.79% capture. 

- < 10 ppb: 68.57% capture. 

- JBT: 0.00% caoture. 



Model: Constant Head 
Recharge =20.3 in/yr 
Nodes = 581953 
Elements = 531996 



Environmental Consulting Engineers 
MMR FS-12 PCS Scenario #15 Run 15G: 
Model Run Summary 
5-28-96 



SS 



Wells = 



- Sandwich Well #5 (not active) 



Environmental Consulting Engineers 
MMR FS-12 PCS Scenario #15 Run 15G: SS.SAND 
Model Run Summary 
5-28-96 
Model: Constant Head 
Recharge = 20.3 in/yr 
Nodes = 581958 
Elements = 531996 

Wells = 1 

- Sandwich Well #5 (700 gpm) 



Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 15G 

Model Run Summary 

5-24-96 



Model: Constant Head- 
Recharge = 20.3 in/yr 
Nodes .= 58 1958 

Elements = 531996 



Wells = 61 



- 4 southeast extraction wells (-25 gprn) 

- 7 southeast extraction wells (-20 gpm) 

- 1 axial extraction wells (-40 gpm) 

- 1 axial extraction weiis (-30 gpm) 

- 17 axial extraction wells (-20_gpm) 

- 30 injection wells (21.67 gpm) 

- TOTAL PUMP RATE = 650 GPM (excluding Sandwich Well #5) 

- Sandwich Well #5 (700 gpm) 



Plume Particle Capture: 

- > 10 ppfa: 98.61% capture. 

- < 10 ppb: 19.29% capture. 

- JBT: 0.009c caoture. 



Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 19 

Model Run Summary 

6-3-96 

Model: Constant head 

Description: ECE denned inputs with 100% recharge, 100% K field, and 70% pumping rate. 
Recharge = 29 in/yr 
K Field = ECE denned. 
Nodes = 581958 
Elements = 531996 

Extraction Wells = 31 (-566.25 gpm excluding Sandwich Well f?5) 

■ - 1 1 toe'south extraction wells (-22.5x2,-15x7,-22.5x2 gpm) 

- 9 western axial .extraction weils (-30,-15x6,-26.25,-30 gpm) 

- 4 northern axial extraction weils (-30,-15,-15,-26.25 gpm) 

- 6 southern axial extraction weils (-26.25,-15x4,-26.25 gpm) 

- Sandwich Municipal Weil =5 (-700 gpm) 

Injection Wells = 30 (566.25 gpm) 

- 6 northern injection wells (18.1477 gpm) 

- 8 central injection weils (23.625 gpm) . 

- 16 toe/southem injection wells (18.1477 gpm) 

Plume Capture: 

Mass: 



Lower Bound Calculation 



Mass (ug) 


# of Panicles 


total Mass (ug) 


Captured Mass (ug) 


% 


Mass Captured 


238.95 


423 


101075.85 


101075.85 




100.00% 


23.895 


1341 


32043.195 


31589.19 




98.58% 


0.04779 


463 5 


221.50665 


194.314 




87.72% 


totals 


6399 


133340.5517 


• 132859.354 




99.64% 



Mass (ug) # of Particles 



Upper Bound Calculation 
Total Mass (ug) Captured Mass (ug) % Mass Captured 



2389.5 
238.95 
23.895 



42J 

1341 

4635 



1010758.5 
320431.95 
110753.325 



1010758.7 

315891.9 

97157.07 



100.00%" 

98.58% 

87.72% 



totals 



6399 



1441943.775 



1423807.47 



98.74% 



Volume: 

"Associated' % Volume 

Volume (ft 3 ) # of Parades Total Volume (ft 3 ) Captured Volume (ft 3 ) Captured 

29531.25 6399 188,970,468.8 171,606,093.8 90.81% 

* Asociate voiume reported is the total volirae associated with each panicle (84,375 ft ) multiplied by the porosity 
(n=0.35) 



Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 21 

Model Run Summary 

6-3-96 

Model: Constant head 

Description: ECE denned inputs with 70% recharge, 70% K field, and 100% pumping rate. 
Recharge = 20.3 in/yr 
K Field = 70% ECe' denned. 
Nodes = 581958 
Elements = 531996 

Extraction Wells = 31 (-755 gpm excluding Sandwich Well #5) 

- 1 1 toe/south 'extraction wells (-30x2,-20x7,-30x2 gpm) 

- 9 western axial -extraction wells (-35^-20x6,-35,-40 gpm) 

- 4 northern axial extraction wells (-40,-20,-20,-35 gpm) 

- 6 southern axial extraction wells (-35,-20x4,-35 gpm) 

- Sandwich Municipal Well ==5 (-700 gpm) 

Injection Wells = 30 (755 gpm) 

- 6 northern injection wells (22.863 gpm) 

- 8 centra! injection wells (31.5 gpm) 

- 16 toa'southern injection wells (22.863 gpm) 

Plume Capture: 
Mass: * 



Mass (,uz) 



of Particles 



Lower Bound Calculation 
Total Mass (ptg) Captured Mass (ug) % Mass Captured 



238.95 

23.895 

0.04779 



423 
1341 
4635 



1010" 

32u«j. 
221.50665 



101075. S5 
32043.195 
220.168 



100.00% 
100.00% 
99.40% 



totals 



6399 



133340.5517 



133339.2135 



100.00% 



Mass (^g) # of Panicles 



Upper Bound Calculation 
Total Mass (ug) Captured Mass (us) % Mass Capturec 



2389.5 
238.95 
23.895 



1341 



1010758.5' 

320431.95 

110753.325 



101075S.5 
320431.95 
110084.255 



100.00%^ 
100 00%' 
99.40% 



totals 



6399 



1441943.775 



1441274.715 



99.95% 



Volume: 

"Associated . % Volume 

Volume (n 2 ) # of Panicles Total Volume (ft 3 ) Captured Volume (ft 3 ) Captured 

29531.25 6399 188,970,468.8 188,143,593.8 ■ 99.56% 



" Asociats volume reoorted as the total volume associated with each par.icie (84,375 fi s ) multiplied by the porositv 
("=0-35) 
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Environmental Consulting Engineers 

MMR FS-12 PCS Scenario £15 Run 21B 

Model Run Summary 

6-4-96 

Model: Constant head 

Description: ECE denned inputs with 70% recharge, 70% K field, and 70% pumping rate. 
Recharge = 20.3 in/'yr 
K Field = 70% ECE defined. 
Nodes = 581958 
Elements = 531996 

Extraction Wells = 31 (-52S.5 gpm excluding Sandwich Well #5) 

- 11 tce'south extraction wells (-21x2,-14x7,-21x2 gpm) 

- 9 western axial extraction wells (-24.5,-14x6,-24.5,-28 gpm) 

- 4 northern axial extraction wells (-28,-14,-14,-24.5 gpm) 

- 6 southern axial extraction wells (-24.5,-14x4,-24.5 gpm) 

- Sandwich Municipal 'well #5 (-700 gpm) 

Injection Wells = 30 (528.5 gpm) 

- 6 northern injection wells (16 gpm) 

- 8 central injection wells (22.05 gpm) 

- 16 toe/southern injection wells (16 gpm) 

Plume Capture: 
Mass: 



Mass (ug) U of Panicles 



Lower Bound Calculation 
Total Mass (ag) Captured Mass (,^g) % Mass Capture; 



238.95 

23.895 

0.04779 



423 
1341 
4635 



101075.85 
32043.195 
221.50665 



101075.85 
32043.195 
215.7719 



100.00% 
100.00% 
97.41% 



totals 



6399 



133340.5517 



133334.8169 



99.996% 



Mass (ug) % of Panicles 



23S9.5 
23S.95 
23.895 



Upper Bound Calculation 
Total Mass (ug) Captured Mass (ug) % Mass Capture: 



423 

1341 

4635 



1010758.5 
320431.95 
110753.325 



1010758.5 
320431.95 
1078S5.925 



100.00% 
100.00% 
97.41% 



totals 



6399 



1441943:775 



1439076.375 



99.80% 



Volume: 

'Associated % Volume 

Volume (ft 3 ) £ of Panicles Total Volume (ft 3 ) Captured Volume (ft 3 ) Captured 

29531.25 6399 188,970,468.3 185,426,718.8 98.12% 

" Asociate volume resorted as the total volume associated with each panicle (84,375 ft 3 ) multiplied by the porosity 
(n=0.35) 
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Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 22 

Mode! Run Summary 

6-3-96 

Model: Constant head 

Description: ECE denned inputs with 130% recharge, 130% K field, and 100% pumpine; rate 
Recharge = 37.7 in/yr 
K Field = ECE denned. 
Nodes = 58 1958 
Elements = 531996 

Extraction Wells = 31 (-755 gpm excluding Sandwich Well #5) 

- 11 toe/south extraction wells (-30x2,-20x7,-30x2 gpm) 

- 9 western axial extraction weils (-35_-20x6,-35,-4O gpm) 

- 4 northern axial extraction wells (-40,-20,-20,-35 gpm) 

- 6 southern axial extraction wells (-35,-20x4,-35 gpm) 

- Sandwich Municipal Weil =5 (-700 gpm) 

Injection Wells = 30 (755 gpm) 

- 6 northern injection weils (22.S53 gpm) 

- S central injection weils (3 1.5 gpm) 

- 16 toe/southem injection weils (22.863 gpm) 

Plume Capture: 
Mass: • 



Lower Bound Calculation 



Mass (ug) 


£ of Particles 


Total Mass (uz) 


Cap 


itured Mass (^g) 


% Mass Captured 


238.95 


423 


101075.85 




101075.85 


100.00% 


23.895 


1341 


32043.195 




31684.77 


9S.SS% 


0.04779 


4635 


221.50665 




197.085 


38.98% 


totals 


6399 


133340.5517 




132957.706 


99.71% 



Mass (,ug) £ of Particles 



Upper Bound Calculation 
Total Mass (^g) Capcured Mass (ug) % Mass Capture: 



2389.5 
238.95 



423 

1341 

4635 



1010753.5 
320431.95 

110753.325 



1010758.5 
316847.7 
98542.98 



100.00% 
98.88% ' 
88.98% 



totals 



6399 



1441943.775 



1426149.18 



98.90% 



Volume: 

"Associated % Volume 

Voiume (ft 3 ) £ of Panicles Total Volume (ft J ) Captured Volume (ft 3 ) Captured 

29531.25 6399 188,970,468.8 173,437,031.3 91.78% 

" Asociate voiuirx resorted as the total volume associated with each particle (34,375 ft 3 ) multiplied by the porosirv 
(n=0.35) 
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Environmental Consulting Engineers 

MMR FS- 12 PCS Scenario #15 Run 23 

Mode! Run Summary 

6-3-96 

Model: Constant head 

Description:USGS denned inputs with 100% recharge, 100% K field, and 100% pumping rate. 

Recharge = 21 .6 in/yr 

K Field = USGS denned. 

Nodes = 581958 

Elements = 531996 

Extraction Wells = 31 (-755 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction wells (-30x2,-20x7,-30x2 gpm) 

- 9 western axial -extraction wells (-35,-20x6,-35,-40 gpm) 

- 4 northern axial extraction wells (-40,-20,-20,-35 gpm) 

- 6 southern axial extraction wells (-35,-20x4,-35 gpm) 

- Sandwich Municipal Weil #5 (-700 gpm) 

Injection Wells = 30 (755 gpm) 

- 6 northern injection wells (22.863 gpm) 

- 8 central injection wells (31.5 gpm) 

- 16 toe/southern injection wells (22.863 gpm) 

Plume Capture: 

Mass: ' 

Lower Bound Calculation 

Mass (fig) # of Parucles Total Mass (fig) Captured Mass (fig) % Mass Captured 
23S..95 423 101075.85 101075.85 100.00% 

23.895 1341 32043.195 31875.93 99.48% 

0.04779 4635 221.50665 217.348 98.12% 



totals 6399 133340.5517 133169.128 99.87% 



Upper Bound Calculation 

Mass (fig) # of Particles Total Mass (fig) Captured Mass (fig) % Mass Captured 
2389.5 423 1010758.5 1010758.5 100.00%^ 

238.95 1341 320431.95 318759.3 99.48% 

23.895 4635 110753.325 108674.46 98.12% 



totals 6399 1441943.775 1438192.26 99.74% 



Volume: 

'Associated . % Volume 

Voiume (ft 3 ) # of Particles Total Volume (ft 3 ) Captured Volume (ft: 3 ) ' Captur ed 

29531.25 6399 1-38,970,468.8 186; 194,53 1.3 98.53% 



" Ascciate volume reported as the total volume associated with each parade (S-,575 ft 3 ) multipiisd by the porosicv 
(/7=0.35) 
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Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 24 

Model Run Summary 

6-3-96 

Model: Constant head 

Description:USGS denned inputs with 70% recharge, 7.0% K field, and 100% pumpins rate 
Recharge = 15.12 in/yr 
K Field = USGS denned. 
Nodes =581958 
Elements = 531996 

Extraction Wells = 31 (-755 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction wells (-30x2,-20x7,-30x2 gpm) 

- 9 western axial' extraction wells (-35, -20x6,-35,-0 gpm) 

- 4 northern axial extraction wells (-40,-20,-20,-35 gpm) 

- 6 southern axial extraction wells (-35,-20x4,-35 gpm) 

- Sandwich Municipal Well #5 (-700 gpm) 

Injection Wells = 30 (755 gpm) 

- 6 northern injection wells (22.863 gpm) 

- 8 central injection wells (31.5 gpm) 

- 16 toe/southem injection wells (22.863 gpm) 

Plume Capture: 
Mass: 



totals 







Lower Bound Calculation 




Mass Gig) 


# of Particles 


Total Mass (ug) 


Captured Mass (;ig) 


% Mass Captured 


238.95 


423 


101075.85 


101075.85 


100.00% 


23.895 


1341 


32043.195 


31971.51 


99.78% 


0.04779 


4635 


221.50665 


218.448 


98.62% 



6399 



133340.5517 



133265.808 



99.94% 



totals 







Upper Bound Calculation 




Mass (ug) 


# of Particles 


Total Mass (tig) 


Captured Mass (ug) 


% Mass Caotured 


2389.5 


423 


1010758.5 


1010758.5 


100.00%^ 


238.95 


1341 


320431.95 


319715.1 


99.78% 


23.895 


4635 


110753.325 


109224.045 


98.62% 



6399 



1441943.775 



1439697.645 



99.84% 



Volume: 

'Associated ■ % Volume 

Volume (ft 3 ) ■# of Particles Total Volume (ft 3 ) Captured Volume (ft 3 ) Captured 

29531.25. 6399 188,970,463.8 186,991,875 98.95% 

" Asociate volume reported is the total volume associated with each particle (84,375 ft 3 ), multiplied by the porosity 
(r.=Q.2S) 
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S1 5.24.01 
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P.O. Bcx22S6S 
Knoxvfla,7N 37533 
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FS— 12 Scenario 15 Run 7.<- (755 gem) Drawdown 
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Massachusetts Military Reservation 
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Environmental Consulting Engineers 

MMR FS-12 PCS Scenario #15 Run 24B 

Model Run Summary 

6-6-96 

Model: Constant head 

Description: USGS denned inputs with 70% recharge, 70% K field, and 70% pumping rate. 

Recharge = 15.12 in/yr 

K Field = USGS denned. 

Nodes = 581958 

Elements = 531996 

Extraction Wells = 31 (-528.5 gpm excluding Sandwich Well #5) 

- 1 1 toe/south extraction wells (-21x2,-14x7,-21x2 gpm) 

- 9 western axial -extraction wells (-24,5,-14x6,-24.5,-28 gpm) 

- 4 northern axial extraction wells (-28,-14,-14,-24.5 gpm) 

- 6 southern axial extraction wells (-24.5,-14x4,-24.5 gpm) 

- Sandwich Municipal Well #5 (-700 gpm) 

Injection Wells = 30 (528.5 gpm) 

- 6 northern injection wells (16 gpm) 

- 8 central injection wells (22.05 gpm) 

- 16 toe/southern injection wells (16 gpm) 



Plume Capture: 
Mass: ! 

Mass Cue) 


# of Particles 


Lower Bound Q 
Total Mass (uz) 


ilculation 

Captured Mass (fig) 


% 


Mass Captured 


238.95 

23.895 

0.04779 


423 
1341 
4635 


101075.85 
32043.195 
221.50665 


423 

1338 

4537 




100.00% 
99.78% 
97.89% 


totals 


6399 


133340.5517 


133264.1832 




99.94% 



Mass (fig) # of Particles 



Upper Bound Calculation 
Total Mass (fig) Captured Mass (ug) 



% Mass Captured 



2389.5 
238.95 
23.895 



423 
1341 
4635 



1010758.5 
320431.95 
110753.325 



1010758.5 

319715.1 

108411.615 



100.00% 

99.78%' 

97.89% 



totals 



6399 



1441943.775 



1438885.215 



99.79% 



Volume: 

"Associated % Volume 

Volume (ft 3 ) # of Particles Total Volume (ft 5 ) Captured Volume (ft 3 ) Capture d 

29531.25 6399 188,970,468.8 185,987,812.5 98.42% 

" Asociate volume reported as the total volume associated with each particle (84.375 ft 3 ) multiplied by the porosity 
(«=0.35) 
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Environmental Consulting Engineers 
MMR FS-12 PCS Scenario #15 Run 25 
Model Run Summary ' 
6-3-96 * 

Model: Constant head 

Description:USGS defined inputs with 130% recharge, 130% K field, and 100% pumping rate. 

Recharge = 28.08 in/yr 

K Field = USGS defined. 

Nodes = 581958 

Elements = 531996 

Extraction Wells = 31 (-755 gpm excluding Sandwich Well #5) 

- 11 toe/south extraction wells (-30x2,-20x7,-30x2 gpm) 

- 9 western axial- extraction wells (-35,-20x6,-35,-40 gpm) 

- 4 northern axial extraction wells (-40,-20,-20,-35 gpm) 

- 6 southern axial extraction wells (-35,-20x4,-35 gpm) 

- Sandwich Municipal Weil #5 (-700 gpm) 

Injection Wells = 30 (755 gpm) 

- 6 northern injection wells (22.863 gpm) 

- 8 central injection wells (3 1.5 gpm) 

- 16 toe/southem injection wells (22.863 gpm) 

Plume Capture: 
Mass: ' 

Lower Bound Calculation 



Mass (ug) 


# of Particles 


Total Mass (^g) 


Captured Mass (ug) 


% 


Mass Captured 


238.95 


423 


101075.85 


101075.85 




100.00% 


23^895 


1341 


32043.195 


31780.35 




99.187c 


0.0^779 


4635 


221.50665 


181.363 




81.88% 


totals 


6399 


133340.5517 


133037.563 




99.77% 



Upper Bound Calculation 
Mass (jj.g) # of Particles Total Mass (^g) Captured Mass (^g) % Mass Captured 
2389.5 423 1010758:5 1010758.5 100.00% 

238.95 1341 320431.95 317803.5 99. 18%"" 

23.895 4635 110753.325 90681.525 81.88% 

totals 6399 1^1943.775 1419243.525 98.43% 



Volume: 

"Associated % Volume 

Volume (ft 3 ) # of Particles Total Volume (ft 3 ) Captured Volume (ft 3 ) Captured 

29531.25 . 6399 188,970,468.8 163,839,375 86.70% 



' Asceiate. volume reported as the total volume associated with each parade (84,375 ft 3 ) multiplied by the porosity 
(«=0o5) * " ■ ■ . ' 
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Jacobs Engineering Group Inc. 

Central Region Houston, Texas 



job no. 3 SK~7#lIoH ' 
by ^•J-FTlosT dat e /fl-z- 



CALCULATIONS AND SKETCHES 
CLIENT AND LOCATION 077 , 5 "-/WAt fZ. . : 



CHECKED DATE . 

PAGE OF . REV. . 



UNIT. 
ITEM. 



'/rs -■ /z. 



Ck<M(c^/ Co */G fi/THA T/OfVS 



o 



o 

£« 

C3 04 



Basic y?5S6>yn«3 '/ /oa/s 



A 



^sa-Agx/T: 



To je-f- -ftouJ . 



Fuel Spill -12 Groundwater Contaminent Loads 



Design Flow rate = 1015gpm 










Design Basis 


Wght. Estimate 


Hot Spot 


Contaminant 


DDb 


ppb 


ppb 


Benzene 


60 


356 


1,167 


Toluene 




0.9 


2.25 


Ethyl benzene 




12.14 


4.65 


Chloroform 




0.19 


0.36 


Xylene 




■17.07 


35 


1,1-Dichloroethene 




7.88 


31.25 


Trichloroethene 




0.02 


0.69 


1 ,2-Dibromoethane 


8.2 


113.05 


260 


Naphthalene 




2.57 


7 


bis( 2 ethylhexyl) phthalate 




1.19 


1.95 


Di-n-butylphthalate 




0.22 


ND 


2-Methylnaphthalene 




0.52 


ND 


Phenol 




0.52 


2 


Fe 


526 


655 




Mn 


65 


69.5 




Zn 




25.7 





TABLE 2-2, continued 
North Axial Extraction Wells (-97.5 gpm) 



East 


North 


Top of Screen 


Bottom of Screen . 


Pump Rate 


(coordinates) 


(coordinates) 


(ft msl) 


(ft msl) 


(gpm) 


868590 


252820 


5 


-60 


-22.50 


868630 


252660 


. 5 


-60 


-22.50 


868630 


252520 


5 


-60 


-22.50 


868650 


252380 


5 


-60 


-30.00 




West Axi 


al Extraction Wells (-310 gpm) 




East 


North 


Top of Screen 


Bottom of Screen 


Pump Rate 


(coordinates) 


(coordinates) 


(ft msl) 


(ft msl) 


(gpm) 


867270 


252400 


5 


-60 


-35.00 


867450 


252400 


5 


-60 


-30.00 


867610 


252380 


5 


-60 


-30.00 


867770 


252340 


5 


-60 


-30.00 


867910 


' 252300 


5 


-60 


-35.00 


868070 


252240 


5 


-60 


-35.00 


868230 


252240 


5 


-60 


-35.00 


868350 


252240 


5 


-60 


-40.00 


868470 


252180 


5 


-60 


-40.00 


South Axial Extraction Wells (-155 gpm) 


East 


North 


Top of Screen 


Bottom of Screen 


Pump Rate 


(coordinates) 


(coordinates) 


(ft msl) 


(ft msl) 


(gpm) 


868610 


252220 


5 


-50 


-25.00 


868610 


252060 


5 


-60 


-25.00 


868610 


251920 


5 


-60 


-25.00 


868690 


251800 


5 


-60 


-25.00 


868810 


251680 


5 


-60 


-25.00 


868950 


251480 


5 


-60 


-30.00 


Toe Axial Extraction Wells (-255 gpm) 


East 


North 


Top of Screen 


Bottom of Screen 


Pump Rate 


(coordinates) 


(coordinates) 


(ft msl) 


(ft msl) 


(gpm) 


868770 


250500 


5 


-60 


-25.00 


868850 


250540 


5 


-60 


-25.00 


868950 


250580 


5 


-60 


-25.00 


869050 


250640 


5 


-60 


-25.00 


869130 


250680 


5 


-60 


-20.00 


869230 


250720 


5 


-60 


-25.00 


869310 


250760 


5 


-60 


-20.00 


869410 


250800 


5 


-60 


-25.00 


869510 


250840 


5 


-60 


-25.00 


869590 


250880 


5 


-60 


-25.00 


869670 


250920 


5 


-60 


-25.00 


Notes: 










ft msl feet mean 


sea level 








gpm gallons pe 


r minute 
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September 12, 1996 



Caigon Carbon Corporation 

for 

Jacobs Engineering Group, Inc. 

Environmental Division 

4848 Loop Central Drive 

Houston, Texas 77081 



Carbon Adsorption System Design: OTIS ANGB 

To aid Jacobs Engineering in the selection of the most cost effective treatment system for remediation of the 
contaminated plumes located at the OTIS Air National Guard Base in Massachusetts, Caigon Carbon 
Corporation has developed the following report 

A. Fuel Spill 12 Site 

There are two contaminated plumes at the OTIS ANGB site to remediate. The first plume to be address is 
the Fuel Spill 1 2 which will have a treatment fiowrate of 1 1 5 gpm. We have investigated three (3 ) options 
for treatment at the Fuel Spill 12 Site: 

1. Current Specified System- 3-2 Stage Svstems following UV-OX 

The current specified design is three (3) UV/OX units followed by carbon polishing utiliring three (3) Model 
1 Carbon Adsorption Systems. The Model 10 system is a dual bed carbon adsorption system, each bed 
having a carbon capacity of 20,000 lbs, with 8" diameter interconnecting process and backwash piping and 4" 
diameter carbon fill and discharge piping. The interconnecting piping arrangement allows for series and/or 
parallel operation of each Model 1 unit For this particular treatment pattern each unit will handle a fiowrate 
of 33 8 gpm and will be operated in series and will follow UV/OX treatment This represents a contact time 
of 15 minutes per stage, or 30 minutes total which is more than adequate for adsorption of low levels of 
VOC 's. Accordingly UV/OX treatment is expected to remove the organic compounds down to a carbon 
polishing level of ethylene dibromide 4.2 ppb and benzene 2.2 ppb. Based on these influent concentrations to 
the carbon polishing system the calculated carbon use rate is 0.03 lbs/1000 gallons which would result in an 
annual carbon consumption of 1 6,000 pounds. However because of the relative inaccuracy when predicting 
use rates at extremely low levels a realistic carbon use rate of 0. 1 lbs/1 000 gallons is recommended. This will 
result in a use rate of about 54,000 pounds per year, or one carbon changeout per year. The following table 
summarizes capital and operating costs for the Current System Design,' 



Specified System 


Annual Operating Costs @ 
Sl.O/Ib carbon 


Capital Costs for Three (3) 
Model 10 Systems 


(3)Modell0's -125psig -8" 
pipe 


S54.000 


S430,000 
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The specified system design, has considerable excess capacity. As discussed in the Alternative Design, a 
viable design would reduce the system to two (2) Model 10 Systems. The above specified system would have 
the following advantages: 

l)Flexibility: The specified system has additional flow capacity, and can handle up to 50% more flow and 
still be within normal process design parameters. 

2)Reliability: Full train redundancy. The entire design flow can be managed by two trains as described 
below, then a train could be down for maintenance and full flow could still be treated. 

3)Operation: There is extended time between carbon exchanges (on-line time) by having 50% more carbon 
on-line than would be required by normal process design parameters. 

It should be noted that we also investigated carbon treatment without the use of UV/OX an the calculated 
carbon bum rate was 0.5 lbs/1000 gallons utilizing the use of three (3) model 10 systems. The usage rate 
was determined by assuming that the unidentified TOC of 6 ppm was comprised of normal encountered 
hydrocarbons from gasoline. This usage rate estimate therefore, is highly speculative. The following table 
summarizes the findings: 



Specified System 


Annual Operating Costs @ 
Sl.O/lb carbon 


Capital Costs for Three (3) 
Model 10 Systems 


(3)ModeI10's-125psig-8" 
pipe 


5267,000 


$430,000 



Z, Alternative #1 A - 2-2 Stage Systems following UV/OX 

This option deals with treatment of the waters with the use of two (2) Model 10 systems after UV/OX 
treatment. Each Model 10 system will be designed to handle half the 1015 gpm or about 507 gpm and will 
operate in series. This will allow for about 1 minutes contact time per bed or 20 minutes per system and is 
more than adequate for these organic and their influent levels of contaminant concentration The annual 
operating costs for this systems reflecting carbon usage will be identical to the specified option above, 
however, the capital costs would be considerably less. In addition this particular design allows for additional 
capacity and flexibility if the influent concentration and/or flowrate were to vary. The pricing and annual 
operating cost for this alternative is summarized below: 



Specified System 


Annual Operating Costs @ 
Sl.O/lb carbon 


Capital Costs for Two (2) 
Model 10 Systems 


(2) Model 10's - 125 psig - 8" 
pipe 


554,000 


$290,000 
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The 2-Model 10 System would be the design, recommended by Calgon Carbon if two-stage treatment were 
mandated by the client This design meets process design requirements such as contact time per stage (10 
minutes) and surface loading rates (6.5 gpm/si). The system will also result in a moderate pressure drop to 
allow direct pumping from the well,' through the adsorption system and into the distribution system. 

Advantages of the use of two Model 1 systems following UV/OX is: 

l)FlexibiIity: There is still an additional flow capacity of up 20% excess, which would still maintain contact 
times > 7 minutes per stage. 

2)Operation: Optimize carbon consumption because of series operation for low level VOC applications. The 
carbon usage will not be any less than for the specified design 

3)Effluent Quality Assurance: The two stage design still maintains a complete second stage on-line to assure 
effluent quality. 

This first alternative can very easily be incorporated into the specified design without additional design costs 
by merely eliminating one of the Model 10 system from the Scope Of Work. The 3rd System could be 
maintained on all drawings and layouts as a "dotted line" or "shadow" item for possible additions later should 
flow requirements increase. 

3_. Alternative #2A - 2-1 Stage Svstem following IJV/OX 

The cost effective option from a capital standpoint for treatment of the Fuel Spill 12 area is with the use of 
one (1) Model 1 System connected for parallel use only. Each vessel will handle 507 gpm and will provide 
1 minutes of contact time and provide single stage carbon polishing. The adsorption system will follow 
UV/OX treatment and will essentially act as a second stage in the UV/OX-Carbon treatment scheme. In-bed 
sample taps located at three (3) different locations in the carbon bed of each vessel will allow sampling 
throughout the carbon bed to assure that break through does not occur. Single stage carbon treatment has 
been accepted by many Potable Water Systems such as Suffolk Count y Water Authority, City of Modesto 
and City of Rockford. The capital cost for this alternative is the most economical and the annual carbon 
consumption will be within +/- 20% of the above two options which utilize multiple systems. As described 
under the first two options, the usage rate for economic analyses is recommended to be 0. 1 lbs/100 gallons, 
so the usage rate for the single stage treatment would not be expected to be substantially different 



Specified System 


Annual Operating Costs @ 
Sl.O/lb carbon 


Capital Costs for One (1) 
Model 10 System 


(l)ModelI0 , s-125psig-8" 
pipe 


S54.000 +/- 20% 


5145,000 



The single stage system design would be recommended by Calgon Carbon for treatment where minimization 
of capital is required. 
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The advantages to the use of one (1) Model 1 system following UV/OX is: 

l)Cost Most cost effective design still providing ample contact time. Single stage design has been accepted 
by many potable water systems 

2)Monitoring: The downflow fixed bed design allows for the adsorption zone to move through the bed in a 
plug flow manner, so protection of effluent quality using the carbon adsorption process is still assured. 

3)Total Treatment Costs: Considering both capital an operating costs, the single stage design provides the 
lowest overall treatment costs. 



B. 



Storm Drain #5 Site 



Further analyses on the Storm Drain #5 location having a treatment flowrate of 450 gpm and utilizing carbon 
treatment resulted in the following options: 

i,. Current Specified System - 2-2 Stage Carbon Adsorption Systems (Carbon OnlV) 

The current treatment scheme involves two (2) Model 10 systems each operating in a scries operating mode 
and handling a 225 gpm flowrate. This represents a contact time of 23 minutes per stage or > 45 minutes 
total. Contaminants in the drain waters includes methylene chloride at an influent concentration of 0.35 ppb. 
Methylene chloride is difficult to removal and the carbon use rate is difficult to evaluate. The usage rate to 
remove methylene chloride to non-detectable levels is estimated to be 1 .24 lbs/1 000 gallons or 294,000 
lbs/year. However, based on this in fluent concentration to the carbon system the calculated carbon use fate 
estimate for removal without methylene chloride removal the usage rate is 0.021 lbs/1 000 gallons which 
would result in an annual carbon consumption of 5,000 pounds. However a carbon use rate of 0. 1 lbs/1 000 
gallons was used. This will result in a use rate of about 24,000 pounds per year, or one carbon change out 
per 20 months. The following TABLE presents the Capital costs for the system and the annual operating 
costs with and without methylene chloride removal. 



Specified System 


Annual Operating Costs @ 
SI Mb carbon 


Capital Costs for Two (2) 
Model 10 Systems 


(2) Model 10's - 125 psig - 8" 

pipe - With methylene chloride 

removal 


5294,000 


$290,000 


(2) Model 10's -125 psig -8" 

pipe - Without methylene 

chloride removal 


S24.000 


5290,000 
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The specified system design for the storm drain #5 has considerable excess capacity. As discussed above, a 
viable design would reduce the system to one (I) Model 10 System. The above specified system would have 
the following advantages: 

l)Flexibility: The specified system has additional flow capacity, and can handle up to 50% more flow and 
still be within normal process design parameters. 

2)ReIiability: Full train redundancy. The entire design flow can be managed by two trains as described 
below, then a train could be down for maintenance and full flow could still be treated 

3)Operation: There is extended time between carbon exchanges (on-hne time) by having 50% more carbon 
on-line than would be required by normal process design parameters . 



2^ Alternative #1B - 1-2 Stage Svstem followed bv UV/OX 

This option considered one (1) Model 10 system connected for series operation treating the 450 gpm flowrate 
with an estimated 5 psi pressure drop (based on clean filtered waters) followed by UV/OX treatment for 
removal of the methylene chloride. Carbon adsorption will remove all contaminants except for methylene 
chloride. The UV/OX process will be more effective removing methylene chloride without the competition 
from the other organic compounds. The contact time will be about 12 minutes per bed or 24 minutes for the 
series operated system. The predicted carbon use rate is based on the Trichloroethylene (TCE) carbon use 
rats which was calculated as 0.02 1 lbs/1 000 gallons. However as before a carbon use rate of 0. 1 Ibs./1 000 
gallons was used for conservative purposes. The Capital and annual operating costs for this scenario are is 
follows: 



Specified System 


Annual Operating Costs @ 
Sl.O/lb carbon 


Capital Costs for One (1) 
Model 10 System 


(l)ModellO's-125psig-8 M 
pipe 


524,000 


SI 46,000 



The 1-Model 10 System would be the design Tecommended by Calgon Carbon if two-stage treatment were 
mandated by the client. This design meets process design requirements such as contact time per stage (12 
minutes) and surface loading rates (5.7 gpm/si). The system will also result in a moderate pressure drop to 
allow direct pumping from the well, through the adsorption system and into the distribution system. 

Advantages of the use of one Model 10 systems following UV/OX is: 

l)Flexibility: There is still an additional flow capacity of up 20% excess, which would still maintain contact 
times > 7 minutes per stage. 
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2)Operation: Optimize carbon consumption because of series operation for low level VOC applications. The 
carbon usage will not be any less than for the specified design. 

3)Effluent Quality Assurance: The two stage design still maintains a complete second stage on-line to assure 
effluent quality. 



3. Alternative #2B - Single Stage Svstem followed bv UV/OX 

The most cost effective option for treatment of the Storm Drain #5 area is with the use of one (1) Model 10 
Single vessel with 20,000 pounds of virgin granular activated carbon on-line. The single vessel will handle 
450 gpm and will provide 12 minutes of contact time. The vessel will precede UV/OX treatment and will 
remove all compounds except for the methylene chloride. The methylene chloride will be remove by the 
UV/OX system. In addition the UV/OX unit will serve as a second stage in the treatment process to protect 
effluent water quality. The carbon adsorber bed will be designed with in-bed sample ports to allow the 
carbon bed to be run close to full utilization and maintain design effluent water quality. The capital and 
annual operating costs is as follows: 



Specified System 


Annual Operating Costs @ 
Sl.O/lb carbon 


Capital Costs for One (1) 
Model 10 Single Vessel 


(1) Model 10 Single Vessel - 
I25psig-8"pipe 


$24,000 


$80,000 



The advantages to the use of the single stage Model 10 system followed by UV/OX is: 

1 )Cost: Most cost effective design still providing ample contact time with in-bed sampling possible. In 
addition UV/OX will act as a second stags to protect effluent quality. 

2)Monitoring: The downflow fixed bed design allows for the adsorption zone to move through the bed in a 
plug flow manner, so protection of effluent quality using the carbon adsorption process is still assured. 

3)Total Treatment Costs: Considering both capital an operating costs, the single stage design provides the 
lowest overall treatment costs. 

In all the above analyses the capital costs for the systems included carbon freight, equipment freight, 
installation supervision, initial fill supervision and start-up training. In addition the annual operating costs 
included carbon exchange, provided carbon acceptance has been established, performed by Calgon Carbon 
Corporation taking responsibility for complete removal of spent carbon and replacement with fresh virgin 
granular activated carbon using hydraulic transfer. 

Specifications and drawings (flow diagram, plan view, elevation view, footprint and assembly 
drawing) have been included as part of this information package. 
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C. GENERAL DISCUSSION: CARBON ADSORPTION PROCESS RELATIVE TO 
OTHER TREATMENT TECHNOLOGIES 

The preceding Sections presented Capital and Operating Costs, and relative advantages to 
different process designs for Alternative Carbon Adsorption System Designs for the two sites at 
Otis ANGB. 

This discussion will discuss design features and advantages of the carbon adsorption process 
relative to other water treatment processes, rather than between different adsorption system 
designs. 

1) ACCEPTANCE 

Adsorption with Activated Carbon is one of the most widely used treatment technologies for 
potable water systems. The Safe relinking Water Act Amendments of 1986 established activated 
carbon treatment as the "yardstick" by which other treatment technologies are to be evaluated in 
the control of synthetic organic chemicals. 

2) EFFICIENCY / FLEXIBILITY 

Carbon adsorption is generally accepted to be 99+% efficient in the removal of synthetic organic 
chemicals. If a compound is adsorbable, it is essentially completed removed until the adsorptive 
capacity of carbon for that contaminant is used up, or the carbon is "spent". The process of 
adsorption takes place in a "zone" that moves progressively through the carbon bed, until it 
reaches the bed outlet. The capacity of carbon may be effected by levels and type of 
contaminants, and the movement of the adsorption zone may be affected by flowrate, but the 
efficiency will not be affected. Therefore, the adsorption process is highly flexible with regards 
to changing process conditions; the usage rate may be affected ( and thereby operating costs ), 
but the system will not require redesign or modification if process conditions change. 

3) SYSTEM CONTROLS 

The carbon adsorption system is a downflow fixed bed design. The system can take wide 
variations in flow conditions, including on-off ( demand well ) conditions. There is no need to 
maintain flow control ( steady state conditions ) prior to the adsorption process. The system 
receives the well water at design pressures; there is no need to increase the system pressure to 
have the system effectively treat the water ( at added energy / capital costs ). There is also no 
need to have emergency shut down controls to monitor the loss of system components ( i.e. 
blower failure in an airstripper design will cause instantaneous loss of treatment ). Generally all 
that is required is monitoring of system pressure drop, and this is more for maintaining process 
flow rather than effluent quality. 
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4) AUXILIARY EQUIPMENT 

The carbon adsorption system is a pressurized flow through system, and as such will not require 
water collection and repumping after treatment As a downflow fixed media bed, there is also no 
additional power or control equipment required As the activated carbon media is replaced when 
spent, there is no need for media regenerant handling equipment ( i.e. resins ). There is no need 
for booster pumps or other pretreatment steps ( see referenced sites in Appendix ). 

5) CONSUMABLES 

The only consumable associated with the activated carbon process is the activated carbon itself. 
The spent activated carbon is removed from the site and sent to a reactivation facility; whereby 
through the thermal reactivation process the contaminants are thermally destroyed and the 
activated carbon is reclaimed for reuse - in other processes such as industrial or remedial waste 
treatment The cost of the ultimate destruction of the contaminants is included in the cost of 
replacement carbon. 

As the contaminants are managed and destroyed in the handling of the spent carbon, there are no 
additional costs for media maintenance or contaminant destruction. There are no on-site 
regenerant streams to either purchase or manage when they are spent There is no media that will 
foul and require chemical, acid or caustic cleaning. There is no media or membranes that may 
foul over time and require complete exchange and associated disposal. The operating costs 
presented here represent all of the consumables and there are no other hidden charges. 

6) SAFETY 

The adsorption system is a completely enclosed system, there is no exposed parts, media or 
chemicals that would require extraordinary safety precautions. The spent carbon is managed in a 
"closed loop" process whereby the carbon is transferred as a slurry, in hoses, to and from 
enclosed trailers. There is no need to handle potentially hazardous regenerant or cleaning 
chemicals at the site. 

7) MAINTENANCE 

The adsorption system is a fixed media bed, and as such has no moving parts or controls 
requiring frequent operator attention or maintenance. Maintenance costs are usually proportional 
to the characteristics of the water to be treated ( corrosion ) or frequency of carbon exchanges 
( erosion of lining and piping ); so with groundwater being the water to be treated, this 
maintenance will be very low. 
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SPECIFICATION (Sample) 

Modular Mode! 10 Adsorption System 

using 

Granular Activated Carbon 
* * * 

PART 1 GENERAL 

1.01 SECTION INCLUDES 

A. Carbon Adsorption Hardware 

B. Granular Activated Carbon 

C. Manufacturer's Services 

1.02 RELATED SECTIONS 

A. 

1.03 REFERENCES 

A. .American Society of Mechanical Engineers ( ASME ): 

1. ASME Section VIII, Division I - American Society of Mechanical Engineers 
Boiler and Pressure Vessel Code. 

2. ASME/ ANSI B 16. 5 American Society of Mechanical Engineers/ American 
National Standards Institute. 

3. U.S. Food and Drug Administration, 21 CFR 175.300 and 177.2420. 

4. Steel Structures Painting Council Surface Preparation Specifications and 
National Association of Corrosion Engineers. 

5. ASME Section II, American Society of Mechanical Engineers - Materials, 
Parts A, B, & C. 

6. ASTM American Society of Testing Materials. 

7. American Waste Water Association (A WW A) B604-90, standard for 
granular activated carbon. 

8. ANSI/NSF Standard Drinking Water System Components - Health 
Effects. 
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1.04 DEFINITIONS 

GAC - Granular Activated Carbon 

GACAS - Granular Activated Carbon Adsorption System 

1.05 SYSTEM DESCRIPTION 

A. The Contractor shall furnish and install the Modular Model 10 
Carbon Adsorption System described herein. Each system 
includes the following: 

1. Carbon Adsorber (2) with internals for carbon retention 

2. Activated Carbon 

3. Influent, effluent and backwash piping with valves 

4. Carbon fill and discharge piping with valves 

5. Vent and pressure relief piping 

6. Water piping and utility connections 

7. Accessories as shown below 

8. Manufacturers Services. 

B. The vessel(s), piping, valves and carbon functions as a system 
and shall be the end products of Calgon Carbon Corporation 
or equal, to achieve standardization for appearance, 
operation, maintenance, spare parts, and manufacturer's 
services. 

C. " There will be ( ) modular model 10 carbon adsorption 

systems required, as delineated below: 

Pressure Drop Pressure Drop 

System # Quantity GPM/Adsorber Normal Operation Backwash 



(Maximum) (Maximum) 



1. 
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1.06 SUBMITTALS 

A. Submit the following items at the same time under one cover 
( weeks after receipt of order ): 

1. Documentation of (_) GAC water treatment systems completed 
by the supplier with the following information: 

a. Description of GA water treatment systems completed by the supplier 
including flow, system design (operating mode, carbon removal system, 
etc.), absorber vessel sizing, contaminants treated, and treatment 
efficiency. 

b. Reference information including customer name and contact person, 
phone number, site location, and date of installation. 

2. Provide a description of the proposed adsorption system including flow, 
contact time, system design, and operating modes. 

3. Provide absorber vessel specification including design pressure, dimensions 
and capacity. 

4. Provide GACAS flow diagram showing all valuing, components, 
instrumentation, and service 

5. Provide GACAS general arrangement showing approximate dimensions, 
weights, and elevations and influent, effluent, backwash, and carbon 
exchange connection locations. 

6. Provide pressure drop information across system. 

7. Provide description of adsorber vessel GAC loading and removal procedures 
for system 



Page 3 



CALGON CARBON CORPORATION 



CKOmCMVMCDWOMnM 



8. Provide specification of GAC to be utilized in the system. Provide recent 
lot laboratory analyses results to demonstrate that GAC supply is in 
accordance with published specifications. 

9. Equipment Performance Bond for 100% of the material and labor costs, 

F.O.B. , for all equipment supplied by the Modular Model 10 

Carbon Adsorption System Manufacturer. The bond shall guarantee that all 
defects or failures will be corrected within the guarantee period of one year 
and shall remain in force for that period commencing upon final acceptance 
of the construction contract. 

B. Submit also the following ( weeks after receipt of order) 

1. Project schedule 

2.Flow schematic drawing 

3. Vessel drawings 

4.Detailed drawings showing equipment arrangement, weights, size, and 

location of all anchor bolts and nuts, and dimensional setting plan. 
5. Operation and Maintenance Instructions 

PART 2 PRODUCTS 

2.01 GENERAL 

A. The Contract Documents indicate specific required features 

of the equipment, but do not purport to cover all details of 
design and construction. 

2.02 CARBON ADSORBER VESSEL (S) 

A. The carbon adsorber vessel(s) shall be Modular Mode! 10 Carbon Adsorption 
System Vessels, as supplied by Calgon Carbon Corporation, or equal, which 
meets these specifications. 

B. The carbon adsorber vessel shall be fabricated of carbon steel, conforming to 
ASTM A5 16 grade 70, lO'-O" diameter by 12'-0" straight side height with 2: 1 
elliptical top and bottom heads. The vessel shall be designed, constructed and 
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stamped in accordance with ASjVLE Section VIII and registered with the 
National Board for a design pressure rating of 125 psig (Optional 75 psis) at 
140 degrees F. Each vessel will be provided with one (1) 20" diameter round 
manway located on the lower straight side portion of the vessel and one (1) 
14"X18" elliptical manway located on the bottom head. The vessels will be 'free 
standing vessels with four (4) structural steel support legs. 

C. The structural aspects of the vessel shall be sufficient to meet the UBC 
requirements for seismic Zone 4. Manufacturer shall submit detailed 
calculations illustrating the seismic characteristics of the proposed vessel. 
Failure to meet this submittal requirement shall invalidate the award. 

D. UNDERDRATN: Each vessel will be equipped with an internal cone bottom 
(45 degree angle) underdrain system equipped with polypropylene (ppl) 
underdrain nozzles to provide a minimum of one (1) nozzle for every nominal 
square foot of underdrain. 

E. SURFACE PREPARATIONS! surfaces will be degreased prior to 
sandblasting. The adsorber internal surface that will be lined will be blasted to 
a white metal surface (SSPC-SP5) to provide a 3 to 4 mil anchor pattern. The 
exterior of the adsorber will be power tool cleaned to the degree specified by 
SSPC-SP2-63. 

F. LINING: The interior surfaces of each vessel are lined with a nominal 35 to 45 
mils dry film thickness (dft) Wisconsin Protective Coatings Plasite "4000 series" 
lining materials. The interior surfaces under the internal cone bottom will also 
be lined with 10 to 12 mils dry film thickness (dft) Wisconsin Protective 
Coatings Plasite "4000 series" materials. Plasite "4000 series" meets the 
requirements of the U.S. Federal Register, Food and Drug Regulations Title 
21, Chapter 1, Paragraph 175.300. 

G. PAINTING: The exterior surface of the adsorbers will be painted to a dry film 
thickness of 10 - 12 mils with an epoxy mastic (gray color) paint material. 
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2.03 PROCESS AND UTILITY PIPING 

A. GENERALThe process and utility piping on the adsorption system will 
include influent water to the system, treated water and backwash supply and 
discharge, adsorber vent lines, and granular activated carbon supply and 
discharge piping. 

The influent and effluent piping network allows series (lead/lag) and parallel 
only flow patterns. Lead/lag flow sequencing allows either; a.) flow from the 
influent flange, to Adsorber A to the pipe module, to Adsorber B, to the pipe 
module then to the effluent flange, or b.) flow from the influent flange, to 
Adsorber B, to the pipe module, to Adsorber A, to the pipe module to the 
effluent flange. The change in flow pattern is accomplished with a change of 
valve positions. The purpose of lead/lag flow sequencing allows an adsorber to 
act as an on-line backup and/or provides for sufficient contact time to allow 
adsorption of the contaminants of concern. 

B. PROCESS PIPING: All process piping (influent/effluent and backwash) will 
be 8" diameter (6" diameter-Optional) constructed of schedule 40 carbon steel, 
ASTM 53 Grade B materials with cast iron flanged fittings. 

C. VENT PIPING: Vent piping will be 3" diameter constructed of schedule 40 
carbon steel, ASTM 53 Grade B materials with cast iron flanged fittings. 

D. CARBON FELL PIPING:Carbon fill piping will be 4" diameter constructed of 
- schedule 40 carbon steel, ASTM 53 Grade B materials. 

E. CARBON DISCHARGE PEPINGCarbon discharge piping will be 4" diameter 
constructed of schedule 40 polypropylene lined carbon steel ASTM 53 Grade 
B materials with cast iron flange fittings. 

F. UTILITY PIPING: Utility piping will be threaded schedule 80 carbon steel 
ASTM A53 Grade B materials. 
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G. SURFACE PREPARATI0N:.AI1 piping surfaces will be power tool cleaned to 

the degree specified by SSPC-SP2-63. 

H. PAINTING: The exterior surface of the piping will be painted to a dry film 

thickness of 10 - 12 mils with an epoxy mastic (gray color) paint material prior 
to assembly to ensure minimum oxidation at flanged connections. 

I. PIP ING FRAME: The piping network will be provided with a structural steel 

support frame for support of the piping module. 

2.04 PROCESS/UTILITY VALVTNG 

A. GENERAL: The process and utility piping; excluding GAC fill and discharge 
piping will be equipped with butterfly valves for flow control. A total of ten 
(10) 8" diameter (6" diameter-Optional) butterfly valves will be supplied to 
accommodate the process and backwash control functions. Two (2) valves are 
needed for backwash control, two (2) valves are needed for influent isolation, 
two (2) valves for effluent isolation, two (2) for staging of the vessels and two 
(2) valves for the vent function. 

B. PROCESS VALVES: The main influent, effluent and backwash control valves, 
will be a cast iron wafer type body, butterfly valve with aluminum-bronze disc, 
BUNA-N seats and stainless steel shaft to mate to a 150 pound ANSI flanges. 
The valves are rated for 200 psig in closed position at 1 80 degrees F, and meet 
or exceed section 5.0 of AWWA specification C-504-87. 

C. CARBON FILL AND DISCHARGE VALVESThe carbon fill and discharge 
valves are 4" diameter full port ball valves, 316 stainless steel construction 
with TFE seats and seals. A total of four (4) vales are supplied. Two (2) for 
carbon fill and two (2) for carbon discharge. 

D. UTILITY VALVES: Valves for the compressed air supply will be bronze or 
forge brass or barstock brass body regular port ball valves. 
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2.05 INSTRUMENTATION 

A. PRESSURE RELIEF: A3" rupture disk constructed of impervious graphite 
and designed to relieve pressure at 75% of the MAWP (Optional - 90% of 
MAWP) will be provided off each vessel vent line to protect the system 
against overtemperature expansion and extreme system pressure excursions. 

B. DIFFERENTIAL PRESSURE SWITCH: Each vessel will be provided with an 
indicating differential pressure switch, 4" diameter dial scaled for 20-0-20 

psi. A 10 amp switch shall be provided @ 1 15 volts AC for remote indication, 
as manufactured by Orange Research Inc. A total of two (2) will be provided 

with the system. 

C. PRESSURE GAUGES: The process piping will be equipped with pressure 
gauges to indicate the pressure of water entering and exiting each adsorber and 
to provide information on pressure drops across each adsorber and the system. 
The pressure gauges will have 4-1/2" face diameter with a stainless steel 
bourdon tube in a glycerin filled housing (0-100 psig range). A total of three 
(3) pressure gauge will be provided with the system. 

2.06 MISCELLANEOUS 

A. TRANSFER HOSE CONNECTORS: The carbon piping will be fitted with 
hose connectors, such that carbon transfer to and from the adsorbers can be 
facilitated with carbon transfer hoses. These connectors will be 4" Quick 
Disconnector Adapters constructed of corrosion resistant materials (Nylon) as 
manufactured by Dover Corporation as Kamlock Connectors or equal. 

B. FLUSH CONNECTIONS: Two (2) flush connections will be provided on each 
GAC fill line, one upstream and one downstream of the valve, and one flush 
connection downstream of the GAC discharge valve. Connections will be 
welded into steel or stainless steel pipe or supplied in solid polypropylene 
"spacers" for lined pipe. Flush connections will consist of a short section of 
3/4" pipe, and a 3/4" full port ball valve and 3/4" quick disconnect adapter to 
match with water hose fittinss. 
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2.07 GRANULAR ACTIVATED CARBON 

A. GENERAL: Product shall be Calgon Carbon Corporation F- 
300 type carbon, or equal. Twenty thousand (20,000) pounds 
of Granular Activated Carbon will be provided and installed 
within each adsorber vessel. 

B. GAC SPECIFICATION: The activated carbon will be virgin, 
granular and manufactured from bituminous coal by a 
domestic (United States) manufacturing facility. The GAC 
shall conform to AWWA B604 standards for GAC and 
comply with the most recent additional ANSI/NSF standard 

6 1 . The activated carbon will be Calgon Carbon Corporation 
Filtrasorb F-300 or equal and conform to the following 
specifications: 

(l)Iodine Number (Maximum) 900 

(2)Moisture, wt% as packed, (Maximum) 2 

(3)Abrasion Number (Minimum) 75 

(4)Effective Size, mm 0.8-1 .0 

(5)Uniformity Coefficient (Maximum) 2. 1 

U.S. Sieve Series 

Percent on 8 mesh (Maximum) 15 

Percent thru 30 mesh (Maximum) 4 

20,000 pounds initial fill of F-300 carbon per vessel (40,000 pounds total 
for two (2) vessels). 

F-300 type carbon is typically used for (Drinking WateiVWaste Water) 
applications, however other types of carbon can be used within the Single 
Model 10 system. Contact a Calgon Carbon Corporation Technical Sales 
Representative for advise on correct carbon selection. 

C. GAC ANALYSIS: The delivered activated carbon must be accompanied by 
an analysis sheet certifying compliance with the specifications, and indicating 
point of manufacture. 
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PART 3 EXECUTION 

3.01 MANUFACTURER'S SERVICES 



A manufacturer's trained specialist, experienced in the installation of 
the Modular Model 10 Carbon Adsorption System, and with at 
least five (5) years of field experience shall be present at the job - 
site and / or classroom designated by the Owner / Contractor for a 
maximum of ( ) mandays for the following services: 

1. Inspection of the installed equipment 

2. Supervision of carbon loading 

3. Start-up assistance 

4. Trouble shooting 

5. Operator training 



3.02 QUALITY ASSURANCE 



The engineer reserves the right to reject acceptance of delivery of any or all 
pieces of equipment found, upon inspection, to be out of compliance with 
the tolerances specified in ASME Section VIII, Division I - American 
Society of Mechanical Engineers Boiler and Pressure Vessel Code. . 



END OF SECTION 
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CARBON ADSORPTION SYSTEMS FOR OTIS ANGB 

APPENDIX ITEMS 

1) Report on GAC Systems for Potable Water Treatment 

2) Technical Information - Granular Activated Carbon, Transfer and Reactivation 

3) Model 10 Adsorption System Specification 

4) Technical Articles 
5) Adsorption System Installation References 



DESIGN AND OPERATION OF 
GRANULAR ACTIVATED CARBON ADSORPTION SYSTEMS FOR 
POTABLE GROUNDWATER TREATMENT 



The following report has been prepared by Calgon Carbon Corporation for use by- 
customers who have installed granular activated carbon adsorption systems 
designed and provided solely by Calgon Carbon Corporation. 

The report includes the specification of system components, including the 
granular activated carbon, process design of the adsorption system for removal 
of typical groundwater contaminants, and the operation and maintenance of the 
adsorption system. 



COMPONENT SPECIFICATION 

A. Adsorption System Equipment 

The adsorption system equipment is comprised of quality components, 
constructed to accepted industry standards and specifically intended 
for potable water treatment to assure both vater quality and safety of 
operation. 

Adsorber pressure vessels are constructed and stamped in accordance 
with ASME code, and all piping is constructed per ASTM standard. The 
vessel lining is Plasite 4110 vinyl ester coating that is fully 
acceptable for potable water use under guidelines established by FDA 
regulation. 

The valves in the water system piping meet AWA requirements for 
materials of construction and operation. Other components are 
constructed of either stainless steel or polypropylene, both which are 
widely used in potable water service- 

The adsorption equipment is more fully described in Exhibit 1; System 
Specification. This adsorption system is also of the same 
specification as the systems provided under the references in 
Exhibit 3. 

B. Granular Activated Carbon 

The granular activated carbon used in the adsorption system is Calgon 
Carbon's Filtrasorb 300. This activated carbon is manufactured in the 
United States at Calgon Carbon's Catlettsburg, Kentucky, facility 
using selected grades of metallurgical grade bituminous coal. This 
GAC is widely used for potable water treatment for both surface water 
and groundwater sources, and meets all AWA and Food Chemical Codex 
requirements. 

The Filtrasorb 300 GAC has the following properties: 

Nominal 8 x 30 mesh size 

Maximum 15 percent on 8 mesh 
Maximum 4 percent passing 30 mesh 



• 900 minimum iodine number 
75 abrasion number 

• Maximum 1 percent water soluble ash 

• Maximum 1 percent total phosphate (as P0,) 

The product bulletin in Exhibit 1 provides more details on 
Filtrasorb 300. 

Filtrasorb 300 is widely used in potable vater treatment, and is the 
referenced groundwater and surface vater treatment systems (Exhibit 
3). Filtrasorb 300 is also the basis of the process design study vork 
on pressure drop, backvash, and carbon usage rates reviewed in this 
report and referenced in Exhibit 2. 

C. Granular Activated Carbon Transportation Equipment 

Calgon Carbon Corporation delivers activated carbon to the system site 
in a combination of bulk and specialized trailers. 

At the manufacturing facility, the virgin grade granular activated 
carbon is loaded into 1,000 pound capacity "supersacks" for cross- 
country transportation. These sacks are coded as to lot number and 
then released for shipment when that lot of granular activated carbon 
is verified to meet product specification. 

On the West Coast, the GAC is transferred in 20,000 pound quantities 
into specialty designed hopper trailers, maintained by Calgon Carbon 
solely for the delivery and transfer of carbon used in potable vater 
applications. The trailer is lined with a thin film Plasite vinyl 
ester resin of the same type used in the adsorber vessel. If the 
trailer had been used to transfer spent carbon from a potable water 
plant, it is thoroughly washed before transporting fresh carbon. In 
no case are these trailers used to transport activated carbon that has 
been used in non-potable cases. In some cases, the potable trailers 
may be provided direct from the manufacturing facility. 



ACTIVATED CARBON ADSORPTION SYSTEM PROCESS DESIGN 
A. Adsorber Vessel Capacity 

The adsorber vessels are designed to contain 20,000 pounds (dry 
weight) of granular activated carbon. This capacity is the same for 
10 foot or 12 foot diameter adsorber vessels. This capacity is 
selected to provide the most cost-effective adsorption system design 
by enabling the system operator to use proven, pre-engineered 
adsorption system design and the optimum GAC amount. As GAC which is 
spent and drained of water will be approximately twice its dry weight 
(due to retaining water within the granule), the 20,000 pound capacity 
will be the maximum amount that will be able to be transported avay 



from the site. Therefore, a single adsorber containing 20,000 pounds 
of GAC will be compatible vith a single transport trailer. 

After a minimum contact time is selected as being acceptable for 
treatment, the adsorption system can then be designed as multiples of 
the 20,000 pound adsorber vessels to provide the minimum contact time 
or greater. 

B. Empty Bed Contact Time 

The empty bed contact time (EBCT) is the time required for the flov 

per vessel to displace the same volume as taken by the GAC bed. The 

EBCT is often the basic- factor to determine the allovable flov per 
adsorber. 

Calgon Carbon Corporation has done extensive testing and has done 
surveys on EBCT for groundwater systems. These studies and surveys 
are presented in Exhibit 2. Studies have shovn that for most 
groundwater systems with low levels of contaminants, EBCTs of 7& 
minutes (500 gpm per adsorber vessel) are adequate to achieve 
treatment objectives for most of the life of the GAC bed. In some 
cases of low level contamination, EBCTs as low as 5 minutes (750 gpm 
per adsorber vessel) have been proven to be effective. 

The advantage of minimizing the EBCT is that it allows the user to 
minimize the amount of capital investment in treatment facilities. If 
water characteristics change or flow increases, additional 20,000 
pound adsorber "modules" can be added to the treatment facility. 

Exhibit 3 contains case studies of a variety of potable water 
treatment facilities that are attaining satisfactory treatment with 
EBCTs in the range of 5-15 minutes. The actual EBCT time selected for 
a site is based upon historical site and test data as shovn in 
Exhibits 2 and 3, or pilot tests on the actual water if there is an 
uncertainty based on the contaminants in question. 

C. Surface Loading Rate 

The surface loading rate will vary depending upon the EBCT and the 
vessel diameter. Surface loading rates in granular activated carbon 
systems can be as great as 10 gpm/ft 2 . The surface loading rate will 
have only a minor effect on the system's performance. Higher surface 
loading rates may result in slightly higher carbon usage rates, as the 
adsorption zone may be extended causing contaminant breakthrough to 
occur sooner. 

Surface loading rate will affect the system pressure drop. The 
adsorption system is designed to take more pressure drop across the 
granular carbon, so that the flow is distributed across the packed 
bed. The dovnflow packed bed design is inherently a fail-safe design 
in that the granular media retards any channeling or short-circuiting, 
assuring contact with the GAC. The underdrain collection system is 
designed to collect the flow from the packed granular bed at a minimum 
of added pressure drop. 



D . Backwash Design and Capability 

The adsorption systems are designed to be backvashed if suspended 
solids in the groundwater are filtered by the GAC bed. After the GAC 
is installed in the adsorber vessels and prior to startup, the : 
adsorber vessels are backvashed. This backwash accomplishes two 
objectives- First, small activated carbon particles,- or "fines," are 
removed from the bed. These carbon fines may originate in the 
manufacture, transport, and transfer of GAC, and may cause high 
pressure drop or be carried into the treated water after startup. 
Second, the initial backwash will classify the GAC bed so that any 
subsequent backwash will not disrupt the bed arrangement whereby spent 
carbon will migrate to the bottom of the bed. 

The adsorption system is designed so that the adsorber requiring 
backwash can be isolated from the other adsorbers and backvashed with 
treated water from the other adsorber(s), the distribution system, or 
an independent source. A backvash of 5-10 minutes at 12-15 gpm/ft z is 
usually sufficient to remove fines and return the system pressure drop 
to the design level. 

E. Single State (Parallel) or Series Operation 

Adsorption systems can be designed and operated as single-stage or 
tvo-stage operation. For most groundvater treatment applications, 
single-stage operation is recommended in order to minimize capital 
expense and power consumption (less pressure drop) considering the 
negligible savings in carbon usage. The technical references in 
Exhibit 2 further discuss the advantages of both approaches. 

The single-stage or parallel design is dependent upon a veil-designed 
monitoring program, and may be aided by in-bed sampling ports 
depending upon the adsorption system design, adsorber design, and 
treatment requirements. 

The tvo-stage approach allows for complete assurance of effluent 
quality by changing the carbon in the first stage vhen contaminants 
are detected betveen stages. This design utilizes the second stage as 
an "insurance" stage, but vill increase the treatment system capital 
cost by 70-80 percent, increase the pover cost vith little improvement 
in GAC usage. A second approach vould be to allov the interstage 
contaminant level to equal the influent contaminant level to maximize 
GAC usage. This savings in GAC costs is offset by monitoring costs on 
both stages, and the improvement in GAC usage is often minor in 
groundvater treatment. The multiple-stage design is more prevalent in 
vastevater applications, vhere improvements in high GAC usage rates 
are of more benefit. 



OPERATION AND MONITORING 

A. Honi toring 

The monitoring of an adsorption system is key to its effective 
performance. 



In single-stage, or 12 foot diameter adsorbers, in bed sample, ports 
are recommended to anticipate breakthrough of contaminants. The 
single-stage systems require sample ports, as there is no other 
adsorber to provide dilution effects. In 12 foot diameter adsorbers, 
the GAC bed is shallow, and the underdrain system collects the water 
across a shallow cross-section plane. This design means that the 
contaminants will breakthrough the system more rapidly than with 10 
foot diameter beds, and it is more important to anticipate 
breakthrough. 

In parallel operation with multiple 10 foot diameter adsorbers, either 
in-bed sample ports or individual adsorber monitoring may be 
effective. In a multiple-bed system, normal flow variations due to 
pressure drop, bed density, etc., will normally lead to one adsorber 
reaching breakthrough prior to the other units. As the contaminant 
may be first detected in a single adsorber effluent, the combined 
system effluent may remain below detection limits. At this time, all 
adsorbers in the parallel system may be near breakthrough, and if the 
effluent limit is based on detectable quantities, all units should be 
exchanged. If the limit is a finite concentration, more life can be 
provided with more frequent monitoring. 

In a two-stage system, only first-stage effluent sampling is required 
until breakthrough. If the system is to remain on-line to optimize 
GAC usage, the second-stage sampling should commence, as the 
contaminant detected in the first-stage effluent is the least 
adsorbable contaminant (if there are 2 or more contaminants) in the 
water. 

If sample taps are to be provided, they should be located in the 
bottom half of the bed. One sample tap with the probe extending 
approximately 1 foot into the GAC bed is normally sufficient. 
Multiple taps may provide more analysis of the mass transfer zone, 
which may be useful if the usage rate is expected to be substantial 
and the level of contamination consistent over an extended period. 

B. Disinfection 

As GAC adsorbs chlorine, all disinfection should be conducted prior to 
placing GAC in the bed. Any subsequent disinfection procedures should 
include isolation of the GAC bed from the system being disinfected. 

As GAC is an inert material, any disinfection procedures need not be 
instituted solely due to addition of GAC to the treatment system. If 
disinfection was conducted previously to adding carbon adsorption, it 
should be continued with the disinfectant added downstream of the 
carbon adsorption system to establish residuals in the distribution 
system. 

C Fail-Safe Features 

The downflow fixed-bed treatment system is inherently a fail-safe 
treatment system. The adsorber is not affected by power outages or 
motor failure which might cause a component in another system to fail. 



The bed vill also receive flow and contaminant variations without 
immediately affecting treated water quality. The adsorption system 
can also be placed on an on-demand Veil system without requiring 
start-up procedures or other automation. The system operates without 
automation and/or operator attention; only periodic monitoring is 
required. 
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DESCRIPTION 

The Calgon Carbon Model 10 is an adsorption system 
designed forthe removal of dissolved organic contaminants from 
liquids using granular activated carbon. The modular design 
concept allows selection of options oraltemate materials to best 
meet the requirements of the site and treatment application. 

The Model 10 system is delivered as two adsorbers and a 
compact center piping network, requiring only minimal field 
assembly and site connections. An optional mounting skid is 
available to facilitate installation. The pre-engineered Model 1 
design assures that all adsorption system functions can be 
performed with the provided equipment. 

The process piping network forthe Model 1 accommodates 
operation of the adsorbers in parallel or series (with either 
adsorber placed in first stage). The piping can also isolate either 
adsorber from the flow. This permits carbon exchange or 
backwash operations to be performed on one adsorber without 
interrupting treatment. 

The unique internal cone underdrain design provides forthe 
efficient collection of treated waterand the distribution of backwash 
water. The internal cone also insures efficient and complete 
discharge of spent carbon from the adsorber. The Model 10 
system is designed for use with Calgon Carbon's closed loop 
carbon exchange service. Using special designed trailers, spent 
carbon is removed from the adsorbers and returned to Calgon 
Carbon for reactivation. The trailers also recharge the adsorbers 
with fresh activated carbon. 

SYSTEM SPECIFICATIONS 

Carbon adsorbers: 

• Carbon steel ASME code pressure vessels. 

• Internal vinyl ester lining (nominal 35 mil) where GAC 
contacts steel, for potable water and most liquid 
applications. 

• Polypropylene slotted nozzles for water collection and 
backwash distribution. 

Standard adsorption system piping: 

• Schedule 40 carbon steel process piping with cast iron 
fittings. 

• Cast iron butterfly valves for process piping. 

• PPL lined steel pipe for GAC discharge. 

• Full bore stainless steel ball valves for GAC fill and 
discharge. 

System external coating: 

• Epoxy mastic paint system 

Available options: 

• Unifying system skid. 

• In-bed water sample collection probes. 




OPERATING CONDITIONS 

Carbon per adsorber 20,000 lbs. (9080 kg) 

Pressure rating: 125 psig (862 kPa) 

Pressure relief: Graphite rupture disk (94 psig) 

Vacuum rating: 14 psig 

Temperature rating: 150°F maximum (65°C) 

Backwash rate: Typical 1000 gpm (30% expansion) 

Carbon transfer: Air pressure slurry transfer 

Utility air: 100 scfm at 30 psig 

(reduce to 15 psig for trailer) 

Utility water 1 00 gpm at 30 psig 

Freeze protection: None provided; enclosure or 

protection recommended 




800 1000 1300 



TOTAL FLOW TO SYSTEM; GPM 

WATER AT 60T 
MULTIPLY BY 0.227 FOR MVHR 
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DIMENSIONS AND FIELD 
CONNECTIONS 

Adsorber vessel diameter ....... 10 ft (3050 mm) 

Process Pipe: -. 6 in. or 8 in. 

Process Pipe connection: ..,.: 125# ANSI flange 

Utility water connection: % in ; hose connection. 

Utility air connection: 3 A in. hose connection 

Carbon hose connection: !...... 4.in. Kamlocktype 

Carbon dry fill: top 8" nozzle 

Backwash. connections: 6 in. or 8 in. flange 

Drain/vent connection: 6 in. or 8 in. flange 

Adsorber maintenance access ..20 in. round flanged manway 

1 4 in. x 1 8 in. manway below cone 

Adsorber shipping weight 18,500 lbs. (empty) (8400 kg) 

System operating weight 215,000 lbs. (97,610 kg) 

CAUTION 

Wet activated carbon preferentially removes oxygen from air. 
In closed or partially closed containers and vessels, oxygen 
depletion may reach hazardous levels. If workers are to enter a 
vessel containing carbon, appropriate sampling and work proce- 
dures for potentially low-oxygen spaces should be followed, 
including all applicable federal and state requirements. 
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Model 1 Adsorption System 



For detailed information on the products described in this bulletin, please contact one of our Regional Sales 
Offices located nearest to you: 



Region I 

Bridgewater, NJ 
Tel (908)526-4646 
Fax (908) 526-2467 



Region II 

Pittsburgh, PA 
Tel (412)787-6700 
800/4-CARBON 
Fax (412) 787-6676 



Region III 

Lisle, IL 

Tel (708)505-1919 

Fax (708) 505-1936 



Latin America/Australasia/ 
Philippines 

Pittsburgh, PA 
Tel (412)787-4519 
Fax (412) 787-4523 



Canada 

Caigon Carbon Canada, Inc 
Mississauga, Ontario 
Tel (905)673-7137 
Fax (905) 673-8883 



Singapore/Asia Pacific 

Caigon Carbon Corp. 
Tel (65)221-3500 
Fax (65) 221-3554 




Europe 

Chemviron Carbon 
Brussels, Belgium 
Tel 32 2 773 02 1 1 
Fax 32 2 770 93 94 



Region IV 

Burlingame, CA 
Tel (415)548-2040 
Fax (415) 344-2029 



Region V 
Houston, TX 
Tel (713)690-2000 
Fax (713) 690-7909 



Region VI 

Carlsbad, CA 

Tel (619)431-5550 

Fax (61 9) 431 -81 69 



If at any time our products or services do not meet your requirements or expectations, or if you would like to suggest any ideas for 
improvement, please call us at 1-800-548-1999. From outside the U.S. please call +1-412-787-6700. 
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DESCRIPTION 

Filtrasorb 300 and 400 are two grades of granular activated 
carbon manufactured by Calgon Carbon Corporation for removal 
of organic pollutants from municipal or industrial wastewaters. 
These carbons are manufactured from select grades of 
bituminous coal to produce a high density, high surface area, 
durable granular product capable of withstanding the abrasion 
and dynamics associated with repeated reactivation, hydraulic 
transport, backwashing and mechanical handling. 

APPLICATIONS 

Applying point source treatment to remove organics 
Pre-treatment to biological waste treatment systems 
Polishing effluent from biological waste treatment systems 
Recycling the treated water for replacement of groundwater 
or for other suitable recycling applications 
• Providing total wastewater treatment 

REACTIVATION 

Numerous installations have demonstrated the feasibility and 
economy of thermal reactivation. 

Exhausted granular carbon can be reactivated on your plant site 
in a high-temperature furnace, or it can be done by Calgon 
Carbon Corporation under a service agreement. 

PACKAGING 

55 Pound (25 kg) 5 Ply Bag 

1 ,000 Pound (453.7 kg)Super Sack 

Bulk Trucks 

MANUFACTURING 

Catlettsburg, KY 
Pearlington, MS 

FILTRASORB DOWNFLOW PRESSURE DROP 
BACKWASHED & SEGREGATED BED 

SUPERFICIAL VELOCITY (owmc.) 




SPECIFICATIONS 

Iodine Number, mg/g (Min.) 
Moisture, weight % (Max. %) 
Abrasion Number (Min.) 
Effective Size, mm 
Uniformity Coefficient (Max.) 
Sieve Size, U.S. Sieve Series, weight 
Larger than No. 8 (Max.) 
Smaller than No. 30 (Max.) 
Larger than No. 12 (Max.) 
Smaller than No. 40 (Max.) 
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FILTRASORB 300 - BED EXPANSION 
BACKWASHED & SEGREGATED BED 
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FILTRASORB 400 - BED EXPANSION 
BACKWASHED & SEGREGATED BED 

SUPERFICIAL VELOCITY (cm^c.l 
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FEATURES 



BENEFITS 



High surface area 



• Abrasion resistance 

• High density 

• Optimum pore size 



• Filtrasorb carbons can be reactivated repeatedly and 
returned to service to provide maximum economy. 

• Systems using Filtrasorb carbons can accommodate 
changes in flow rates and increases in concentration of 
pollutants whether caused by spills., peak, loads, 
pretreatment upsets or other variations in the wastewater 
effluent. 

• Because of its high surface area and abrasion resistance, 
Filtrasorb carbons can be reactivated repeatedly and 
returned to service to provide maximum economy. 

• Filtrasorb carbons are of high density, wet readily, and do 
not float, thus minimizing loss during backwash 
operations. 

• These carbons are produced with an exceptionally high 
internal surface area of optimum pore size for adsorption 
of both high and low molecular weight pollutants. 



SAFETY MESSAGE 

Wet activated carbon preferentially removes oxygen from air. In closed or partially closed containers and vessels, oxygen depletion 
may reach hazardous levels. If workers are to enter a vessel containing carbon, appropriate sampling and work procedures for 
potentially low oxygen spaces should be followed, including all applicable federal and state requirements. 



Domestic Sales Offices 

Region I 

Bridgewater, NJ 
Tel (908)526-4646 
Fax (908)526-2467 

Region II 

Pittsburgh, PA 

Tel (412)787-6700 

1-800-4-CARBON 
Fax (412)787-6676 

Region 111 

Lisle, IL 

Tel (708)505-1919 

Fax (708)505-1936 

Region IV 
Burlingame, CA 
Tel (415)548-2040 
Fax (415)344-2029 

Region V 

Houston, TX 

Tel (713)690-2000 

Fax (713)690-7909 



1-800-4-CARBON 




International Sales Offices 



Canada 

Calgon Carbon Canada, Inc. 
Mississauga, Ontario 
Tel (905)673-7137 
Fax (905)673-8883 



Latin America/Australasia/ 
Philippines 

Pittsburgh, PA 

Tel (412)787-4519 

Fax (412) 787-4523 



Singapore/Asia Pacific 
Calgon Carbon Corp. 
Tel (65)221-3500 
Fax (65)221-3554 



Europe 

Chemviron Carbon 
B-1200 Brussels, Belgium 
Tel 32 2 773 02 11 
Fax 32 2 770 93 94 



If at any time our products or services do not meet your requirements or expectations, or if you would like to suggest any ideas for 
improvement, please call us at 1-800-548-1999. From out side the U.S. please call +1-412-787-6700. 
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GRANULAR ACTIVATED CARBON ADSORPTION FOR 
VOC REMOVAL FROM DRINKING WATER SUPPLIES 

Mark H. Stenzel 
Marketing Manager 

James L.- Fisher 
Marketing Manager 

Calgon Carbon Corporation 
•Pittsburgh, PA 15230 

INTRODUCTION 

The recent amendments to the Safe Drinking Water Act 
(SDWA) have generated increased interest in evaluating a 
number of different technologies for the removal of 
Volatile Organic Contaminants (VOCs) from drinking water 
supplies. Since 1974, the EPA has generated Maximum 
Contaminant Levels (MCLs) for 26 contaminants, but the new 
amendments have called for accelerated regulation by 
requiring development of MCLs for 83 specific 
contaminants. Many of these contaminants are VOCs which 
have been discovered in groundwater sources for drinking 
water supplies. Of immediate concern are the 8 VOCs that 
are set for regulation in 1987, shown with their proposed 
MCLs in Table 1 (1) . 

The use - of granular activated carbon (GAC) to remove 
organic contaminants by adsorption on the large internal 
surface area of the activated carbon granule has long been 
a proven and established technology. Over 150 public 
drinking water systems already have experience with GAC in 
the removal of taste and odor causing organic compounds in 
the United States and over 200 in Europe (2). Many 
industrial plants have also used GAC for the removal of 
specific organic compounds from water, wastewater and 
chemical products. Recently, GAC has been used to remove 
specific VOCs from groundwater or contaminated water 
resulting from accidental spills (3). 

The success of GAC in removing organic contaminants from 
water has resulted in the amendment to the SDWA 
establishing GAC as the "yardstick" by which other 
treatment technologies are to be evaluated in the control 
of synthetic organic chemicals (4). Other treatment 
techniques must be at least as effective as GAC in order 
to be considered viable. Although often perceived as an 
expensive treatment technology, GAC can often be the most 
cost-effective solution to the problem at hand. What is 
needed is a reliable method to evaluate the applicability 
of adsorption and to estimate the cost to the water system 
operator . 

This paper will present a methodology by which GAC can be 
evaluated, starting with isotherms for preliminary 
evaluation and continuing on to parameters for system 
design. The design of the GAC system will provide capital 
expenditure guidelines, while the evaluation procedure 



should provide a good estimate- of the ongoing operating 
costs , 

PRELIMINARY EVALUATION: ISOTHERM TESTING 

The liquid phase adsorption isotherm test is the basic 
preliminary . evaluation technique for . activated carbon 
treatment. The adsorption isotherm is a.' batch test 
designed to determine the equilibrium relationship between 
the contaminant in the liquid, measured as concentration, 
and the contaminant adsorbed on the activated carbon, 
expressed as carbon capacity or weight of contaminant per 
unit weight of activated carbon. 

The application of the isotherm test to evaluate 
adsorption of VOCs has historically resulted in unreliable 
and disparate data. In response to the need for reliable 
evaluation data, an isotherm procedure has been developed 
which minimizes analytical errors and more accurately 
predicts adsorption capacity of GAC for VOCs. This 
procedure includes handling samples while allowing no head 
space, using relatively large quantities of powdered 
activated carbon to minimize weighing errors, and using 
relatively large initial concentrations of VOCs to 
minimize analytical errors and provide reliable data 
points at the higher concentrations to better fix the 
isotherm plot. 

The isotherm test conditions are summarized in Figure 1. 
The activated carbon used is Calgon Carbon's Filtrasorb 
300, a bituminous coal_based activated carbon with a high 
surface area (1000 m /gm) and Iodine Number (typically 
970). The activated carbon is pulverized to -325 mesh to 
eliminate the diffusion rate as a factor. The water 
samples consist of reagent grade chemicals added to 
purified water. As shown in Figure 1, the activated 
carbon dosages result in the development of low level VOC 
equilibrium concentrations which are useful for 
evaluation. The sealed flasks are agitated for a minimum 
of 20 hours to assure equilibrium. The contents are then 
pressure filtered through 0.45 micron filter pads, with 
the filtrates analyzed by gas chromatography using the 
purge- and trap technique with the amount of the compound 
retained on the activated carbon calculated by difference. 

In 1984, results from single component isotherms of five 
of the more common chlorinated solvents were presented 
(5). Single component isotherms from eight more VOCs have 
been conducted to expand this data base. It is most 
important to note that when comparing the relative 
adsorbability of one compound to another, and especially 
when adding consideration of concentration effects, that 
the testing protocol be consistent. Therefore, it is 
anticipated that this data base of isotherm tests will be 
useful in determining effects of contaminant and 
concentration changes possible in long term groundwater 
treatment. 

All thirteen isotherms are presented here for reference. 



Figure 2 shows the results of isotherms for seven of the 
VOCs due for regulation in 1987. The eighth VOC, vinyl 
chloride, is normally a gas at ambient temperature, and 
has a very low capacity . on GAC in liguid phase adsorption. 
Investigations into the removal of vinyl chloride by 
activated carbon have reported poor capacities. • However, 
vinyl chloride removal by aeration has produced good 
removal efficiencies (7). The isotherm results for 

p-dichlorobenzene are from earlier test results using less 
agitation time, but p-dichlorobenzehe is well adsorbed by 
activated carbon and the results are consistent with 
recent tests . 

Figure 3 has grouped the remaining chlorinated and 
brominated aliphatic solvents and Figure 4. the aromatic 
and chlorinated aromatic solvents. The isotherms point 
out characteristics useful for considering adsorption of 
other compounds; i.e., that the capacity of activated 
carbon for the contaminant increases with concentration, 
molecular weight and decreasing solubility of the 
contaminant. 

Isotherms are useful in identifying whether a compound is 
amenable to adsorption by activated carbon. The test 
indicates the theoretical capacity for these contaminants 
by GAC, which as will be shown later, allows the 
development of estimates of carbon usage rates for cases 
where a single contaminant predominates. Care must be 
taken in using these single component isotherms when the 
contamination involves a mixture of adsorbable compounds. 
Although these isotherms might allow for preliminary 
estimates of activated carbon usage rates, additional 
testing would be warranted to establish more reliable 
carbon usage rates. Finally, background organic 

contaminants, usually more prevalent in surface water than 
groundwater, may cause reduced capacity. Isotherms 

performed on a specific water according to these 
procedures would provide for good comparison to these 
single component isotherms and a basis for estimating GAC 
usage .rates. 

After a column study is performed or actual operating data 
is obtained, isotherms are useful in evaluating effects of 
concentration or contaminant change. A relationship can 
be established between the actual usage rate and the 
equilibrium data of the isotherm, and changes in usage 
rate can be predicted using the isotherms as reference 
points . 

ADVANCED EVALUATION: ACCELERATED COLUMN TESTING 

The effect of short contact times experienced in actual 
operation and the accurate prediction of activated carbon 
usage rates is normally obtained in the scaled column 
study. The accepted test method for the column study has 
been to use the GAC in columns sized from 1 to 4 inches in 
diameter, and with selection of surface loading rates and 
media depth, obtain the desired empty bed contact times in 
single or multiple columns. The low usage rates expected 



in groundwater treatment to remove low levels. of VOCs 
often make a directly scaled study infeasible due to the 
time and analytical expense • involved. 

Several researchers have explored the possibility of small 
rapid column tests (6). The basic principle is to use 
smaller size granules of the same activated carbon, but 
with high surface loading rates and short contact times. 
Using mathematical models of basic adsorption kinetics, 
these rapid column tests can then be used to predict full 
size system performance. Calgon Carbon Corporation has 
developed a high pressure mini-column technique, the 
Accelerated Column Test (ACT), which uses 50 mg of 
Filtrasorb 300 grade GAC that has been sized to less than 
100 mesh in a column, with an internal diameter of 1.94 mm 
(7). The ACT procedure has been tested in comparison with 
one inch diameter column studies and existing full scale 
systems with the results showing a high degree of 
correlation (8). 

The ACT can be used, as mentioned previously, to model the 
performance of a particular system in order to fix contact 
times and predict usage rates and breakthrough 
characteristics. Historical ACT data can also be used to 
predict performance on potential applications. In this 
procedure, ACT data can be compared to isotherm data to. 
determine how much of the theoretical capacity can be 
realized under dynamic conditions. As when comparing 
isotherm results, these ACT's need to be performed under 
similar conditions with the same mathematical scale-up 
model to assure consistency. 

PREDICTION OF USAGE RATES WITH ACT AND ISOTHERM DATA 

We have performed numerous ACT studies on waters 
contaminated with low levels of VOCs. These studies can 
be reviewed to determine how much of the equilibrium 
capacity identified in the isotherm test can be realized 
in an operating system. 

Table 2 shows the results of ACTS run on actual and 
synthetic groundwater samples containing essentially a 
single- VOC. Both the synthetic and actual samples used 
waters with low (<0.5 ppm TOO background of organic 
compounds. These tests show that operating systems with 
short contact times can generally obtain 45-55% of the 
theoretical capacity of the activated carbon at 
breakthrough of the contaminant. Besides indicating that 
a predictable amount of capacity can be obtained, these 
tests indicate a relatively short adsorption zone in the 
bed, and that upon breakthrough little adsorptive capacity 
remains. Results of this testing suggests that contact 
times of 12-15 minutes be used to optimize activated 
carbon usage and that single stage adsorption systems be 
employed to minimize capital costs in designing systems to 
remove low levels of VOCs. 

Table 3 shows results of ACTs run on actual groundwaters 
including results from other commonly encountered 



situations. The first site shows . the effect of higher 
contaminant levels of a veil adsorbed VOC. With higher 
levels of t.richloroethylene (TCE) and slightly greater 
than 15 minutes contact time, the ACT predicts a 68% 
attainment of the equilibrium isotherm data.. This result 
indicates that in the adsorption process, the higher 
concentration contaminant acts as a greater driving force 
towards equilibrium capacity. 

The second site investigated shows the influence of 
background organic contaminants on the adsorption of 
chlorinated solvents. A municipal drinking water 
containing i35 ppb of chloroform that also contained 6 ppm 
background organic contamination measured as TOC was 
tested. The ACT indicated that the presence of this 
organic background resulted in only 37% of the theoretical 
capacity being achieved. This capacity is approximately 
20% less than the capacity achieved in the municipal 
drinking water sample shown on Table 2. 

The third site in this set shows the effects of a mixture 
of VOCs; 1,1,1 trichloroethane (TCA) and TCE. As shown in 
the isotherm data in Figure 2, the TCA is not adsorbed as 
strongly, so it is expected to break through first. The 
column study did indicate that the TCA was detected first 
in the effluent, and the capacity of carbon for TCA was 
only 34.3% of its equilibrium value. Another way of 
looking at this mix is that at an equilibrium capacity of 
3.5 mg/gm and 55 ppb of TCA, the theoretical usage rate 
would be 0.13 lbs. GAC per thousand gallons. This usage 
rate can be added to a usage rate of 0.06 lbs. GAC/1000 
gallons for TCE (24 mg/gm at 165 ppb) for a total usage 
rate of 0.19 lbs. GAC/1000 gallons for both contaminants. 
The actual usage rate is approximately 58% greater than 
the theoretical, indicating a working capacity that 
realizes approximately 63% of the equilibrium capacity. 

In considering these ACT studies on VOC removal, it can be 
concluded that for low level VOC contamination in waters 
containing low background TOC, operating activated carbon 
adsorption systems can achieve 45-55% of the theoretical 
isotherm capacity. When the chemistry becomes more 
complex, with background TOC or the prescence of a mixture 
of contaminants, a simple rapid mini-column technique can 
be conducted to explore these additional effects. 

ADSORPTION SYSTEM DESIGN AND ECONOMICS 

Based upon the evaluation procedure discussed above, the 
investigator can proceed with preliminary system design 
and establish the economics for activated carbon 
treatment. It was shown earlier that for waters with one 
or two VOCs present at low levels - 200 ppb or less, 
contact times of 12 to 15 minutes are acceptable. Also, 
for these conditions, and especially if only a single VOC 
is present, the mass transfer zone is sufficiently short 
that a single stage adsorption system can usually achieve 
optimum economic utilization of the activated carbon. The 
use of single stage systems rather than multiple stages 



win minimize costs tor the treatment equipment. A simple 
in-bed" sample port can be utilized to anticipate 
contaminant breakthrough and provide an added safety 
factor for effluent quality- 

The use of single stage systems allows the use of GAC as 
substitute media in sand filters, if these are already in 
position at the treatment facility. At a 2 gpm per square 
foot loading rate, a 4 ft. deep bed of GAC will provide 15 
minutes of contact time. Other investigators have, 

reported that GAC is also an adequate replacement for most 
media in performing .required filtration (2). In such a 
case, there is no major capital expenditure for additional 
equipment. 

For most groundwater treatment applications, however, it 
is more likely that a treatment unit would be required 
between the groundwater well pump and the distribution 
system. In this case, a single stage pressure adsorber 

can be placed in-line to provide treatment without 
repumping. Typically, 10 ft. diameter adsorption vessels 
containing 20,000 lbs. of GAC are used for this service. 
Adsorption vessels with 20,000 lbs. of GAC have become a 
standard size unit, as the spent GAC from a single unit 
can be transported from the site for spent carbon handling 
in a single over-th'e-road trailer. The limitation is due 
to weight considerations, as the entire quantity of GAC, 
retained moisture and adsorbate will weigh approximately 
40,000 pounds. Each of these units can treat 350 gpm and 
provide a contact time of 15 minutes. The adsorption 
process, operated in a downflow mode, will typically add a 
15 psig pressure drop to the system. 

Each single adsorber as described above, complete with 
process, utility and carbon transfer piping can be 
installed on an existing foundation for approximately 
$75,000. This cost would not include other portions of 

the overall installation, such as foundations, pump work 
or tie-in to the existing system. 

The following example illustrates the methodology that can 
be applied to obtain preliminary economics for a 
groundwater treatment scenario. The conditions that can 
exist "at a groundwater sourced drinking water supply are: 

Flow: 600 gpm (0.864 mgd) 

Contaminant: Trichloroethylene 

Concentration: 180 ug/1 (ppb) 
TCE MCL: 5 ug/1 

Background TOC Level: Negligible (<1 ppm) 

Based upon the evaluation information provided, the 
following design assumptions can be made: 

Adsorber Size: 10 ft. dia., 20,000 lbs. GAC 

Adsorber Quantity: Two Units 

Contact Time: 17 minutes 

Equilibrium Capacity: 25 mg TCE/gm GAC (Figure 1) 

% Eq. Capacity Realized: 50% (Table 2; estimate) 



Estimated Capacity: 12.5 mg TCE/gm GAC . 
Estimated GAC Usage:: 0.12 lbs./lOOO gallons 
Estimated Annual GAC Usage: 40,000 lbSi 

To predict the operating cost, an estimate is made for the' 
installation of the adsorption system as shown in Table 4, 
resulting in a total installed capital expenditure of 
approximately . $250 > 000. In some geographical areas, 
freeze protection such as insulation with heat tracing, or 
a building, may also be necessary. 

Finally, the annualized operating cost for the adsorption 
system can be estimated by amortization of the capital 
expenditure and addition of the expenses as shown in Table 
5. The unit cost for the treatment system under 
consideration can therefore be estimated to be 27 cents 
for each 1000 gallons treated. This figure is consistent 
with a value of 34 cents per 1000 gallons estimated by the 
EPA for systems below 1 mgd and for 99% removal of TCE up 
to 500 ppb (9) . 

CONCLUSION 

The recent interest in technologies for treatment of 
waters contaminated with low levels of VOCs has increased 
the need for reliable data bases to be used for 
preliminary evaluation. This need is especially critical 
in the evaluation of activated carbon adsorption, which is 
regarded as the basis by which other technologies are 
measured. 

The adsorption isotherm is the basic evaluative tool for 
activated carbon adsorption, and can be an effective 
predictor for activated carbon usage rates when combined 
with reliable dynamic studies. For the isotherms 
presented in this paper, care was taken to minimize 
analytical errors and assure equilibrium conditions. As a 
result, this series of isotherms can be compared to each 
other and used as a reliable point of reference for column 
studies. Finally, rapid mini-column tests similar to the 
Accelerated Column Test can be used to effectively model 
full scale systems-. 

Results discussed here indicate that for groundwaters 
contaminated with essentially a single VOC at low levels 
with little background organic contaminants, 45-55% of the 
equilibrium capacity can be obtained using contact times 
of 12 to 15 minutes. The short mass transfer zones also 
indicate that single stage adsorbers can be employed to 
minimize capital expenditures. 

The methodology exists then, to properly evaluate 
activated carbon treatment for both performance operation 
and costs. This procedure will be helpful as a point of 
reference to evaluate other treatment technologies and as 
a planning technique for the employment of activated 
carbon adsomtion. 
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FIGURE 2 
ACTIVATED CARBON ADSORPTION ISOTHERMS 

VOCs TO BE REGULATED IN 198 7 
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FIGURE 3 
ACTIVATED CARBON ADSORPTION ISOTHERMS 
CHLORINATED SOLVENTS 
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FIGURE 4 
ACTIVATED CARBON ADSORPTION ISOTHERMS 

AROMATIC SOLVENTS 

(1) m Xylene 

(2) Toluene 
(5) Benzene 
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TABLE 1 
Proposed VOC Regulations 
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TABLE 4 

Adsorption System Capital Expenditure 

BASIS: 600 gpm 



Adsorption equipment, installed 5150,000 

Foundation, installed 20,000 

Vfell pump upgrade, (if necessary 10,000 

Tie-ins; pump discharge/distribution . 10,000 

Equipment freight 10,000 

Project management 25,000 

Contingency 25,000 

TOTAL PROJECT COST $250,000 



TABLE 5 
Adsorption System Annual Costs 



Amortization of Capital §26,800 

(8.75% of 20 yrs. ) 

Maintenance 512,500 

(5% of installed capital) 

Energy Costs 5 4,800 

(7 BHP for additional 15 psig; 8C/KWH) 

Carbon usage 1 534,400 

(40,000 lb. Calgon F-300 € S0.86/lb.) 

Carbon Freight 5 5,500 

(two bulk trailer deliveries) 



Total Annual Cost 583,500 

Unit Cost $0,265/1000 gals 

Assumes supplier of GAC can remove spent carbon and arrange 
for disposition of same in acceptable manner. 
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Mefvfle. New %r)c- (51 61 271-5200 

Sana Carl Cafifomia • (408) 985-2400 

fiesearts Triangle. Park, 

North Carota; (919) 549-1400 



CERTIFICATE OF COMPLIANCE 

CfcK.TlHCA.TE NUMBER; 050793 - ME17374 
ISSUEDATE: 07 May 1993 

Issued to: Calgon Carbon CorDoration 
P.O. Box 717 
Pittsburgh, PA 15230-0717 

Report Reference: ME1737A, 13 October 1992 

This is to Certify that 

representative sanroles of: Granular Activated Carbon 



Have been investigated by Underwriters Laboratories Inc. in accordance with the Standard(s) 
indicated on this Certificate. 

Standard(s) for Safety: ANSI/NSF Standard 61, Drinking Water System 

Ccmrjonents-Heaith Effects 



Additional Information: 



Only those products bearing the DL Classification Marking should be considered as being 
covered by DL's Classification and Follow-Up Service- 

Tfcc UL Classification Marking Includes: the same "Unci tranters Laboratories Inc.': the -word "Classified": a control 
number (may be alphanumeric! assigned by UL: a statement to indicate the exicnt ofUL's evaluation of the product; 
and. the product category name (product identity) as Indicated in the appropriate UL Directory. 
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ANSl/NSF STANDARD 61 [131] 

LISTING OF CERTIFIED DRINKING WATER SYSTEM COMPONENTS - HEALTH EFFECTS 



CALGON CARBON CORPORATION 

PO BOX 717 

PITTSBURGH, PA 15230-0717 

Plant Ac CATLETTSBURG. KY 



Process Media. 

Trade Oes i gna t ion 

Powdered Activated Carbon 
Powder Activated Carbon*** 4. 

Grsnuiar Activated Carbon 
Granular Activated Carbon* ** 

Acid - Washed Cranuiar Activated' Carbon 
Acid-Washed Granular Activated Carbon* * 



Size 



NA 



NA 



NA 



Water 

Contact 

Temp 



CLD 23 



CLD 23 



CLO 23 



Wa t e r 
Contact 
Ua t e r i a I 



PAC 



GAC 



GAC 



Certified 'or water treatment plant applications only. 

This product has not peen evaluated for point of use applications. 

* Product was evaluated using 3 cond i t ion 1 ng and backwashing procedure 
simulating a typical water treatment plant installation. 
** Any granular activated carbon product from this site, with the exception of 
Cane Ca I anc Canesorb, is NSr Listed to Standard 61 whether or not it bears 
the NSr Mart. 
***.Any powdered activated carbon product from this site is NSr Listed to 
Standard 51 whether or not it bears the NSr Mark, 
r The product is certified with a maximum use level of 250 mg/L. 
-•** Any acid wasned granular activated carbon product from this site is NSr 
Listea to Standard 61 wnether or not it bears the HSr Mark. 
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Plant At PITTSBURGH. PA 



Process Media 

Trade Oes i gnat i on 



Si ze 



Water 


Wa t e r 


ontac: 


Contact 


1 erne 


Ua : e r i a 1 



Powdered Activated Carbon 
Powoer Activatea Carbon 



NA 



Certified for water treatment plant applications only. 

This oroduct has not been evaluated for point of use applications. 



CLD 23 



This product is certified with a maximum use level of 250 mg/L. 

Any powderea activated carbon product from this site is NSr Listed to 

Standard 51 wnether or not it bears the NSP Mark. 



PAC 



Plant AC PITTSBURGH, PA 

Process Media 

Traoe Oes i gna t ion 



Size 



Water 

Contact 
Temp 



Wa t e r 
Contact 
Mater 1 a I 



!!| 



Powdered Activated Carbon 
Powder Activated Carcon*** 



NA 



CLD 23 



PAC 



Granular Activated Carbon 
Granuiar Activated Caroon* 



NA 



CLD 23 



GAC 






Note: unless otherwise indicated Certification is only for Water Contact Material shown in Listing. 
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GRANULAR ACTIVATED CARBON .. 

A. GRANULAR ACTIVATED CARBON INVENTORY AND POINT OF MANUF ACTURE 

Calgon Carbon Corporation is the ' United . States ' .largest 
producer of granular activated carbon (GAC) . ...The current 
capacity of the Corporation is 166,000,000 pounds on an 
annual basis. The Corporation is also in the process of 
building a new plant to produce an additional 3 0,000,000 
pounds of activated carbon at a U.S. Gulf Coast location. 
This new plant is expected to be operational in late 1991. 

A single product line at our Catlettsburg, Kentucky, facility 
is capable of producing 80,000 lbs. /day of Filtrasorb 3 00 
granular activated carbon, supply of adequate product is 
effectively assured." 

Point of manufacture for this project will be the 
Catlettsburg, Kentucky, facility. Actual inventory of F-300 
is dependent 5 upon factors including current production and 
orders, but supply of this project would be a dedicated 
production run, testing as specified and storage/ shipment to 
site. 

B. GRANULAR ACTIVATED CARBON DELIVERY AND TRANSFER 

CALGON Carbon Corporation maintains a fleet of granular 
activated carbon delivery trailers dedicated for transport of 
potable grade granular activated carbon. The trailers are 
identical to those described on the attached drawing. The 
fleet capabilities of Calgon Carbon are as follows: 

Dedicated Trailers for Virgin Grade GAC Delivery 4 
Tractors for Trailer Transport 16 

Trained Drivers for Delivery and GAC Transfer 3 2 

The GAC will be transported to the designated site in the FDA 
approved food grade trailer with a Plasite 4006 lining. One 
trailer of this type has the ability to transport and transfer 
the necessary 20,000 pound shipments of Filtrasorb 300 GAC. 

The trailer driver will connect the necessary hoses and 
operate all the valves on the trailer. A plant operator 
should be available to operate the valves on the adsorber 
skid. The driver will monitor the sequence of operations to 
ensure the correct procedures are being followed as described 
in the Exhibit. 

Upon completion of the GAC transfer, the driver will 
disconnect the hoses and close the valves on the trailer. The 
plant operator will close the valves in the vent and GAC fill 
lines on the adsorber. When these operations are completed, 
the adsorber can be placed in service. 



... CALGOU CARBON'S REACTIVATION CAPABILITIES 

Calgon Carbon Corporation is the largest manufacturer and 
reactivator of granular activated cartoon in the United States. 
The company owns two 80,000 lbs. per day carbon reactivation 
facilities in the- U.S. -one at Neville Island, PA," and one at 
Catlettsburg, KY. . These facilities are the most, sophisticated in 
the world dedicated to the safe and effective handling, storing, 
and reactivation of spent activated carbon. Ifl fact, the Neville 
Island facility was the first carbon reactivation facility in the 
U.S. to receive a final RCRA Part B Permit to handle and store 
RCRA manifested spent carbons . (1988). The Catlettsburg facility 
received its final Part B Permit in 1990 and is functionally 
similar to Neville Island, PA. 

This report will briefly describe the Calgon Carbon 
reactivation program and facilities. It will explain why Calgon 
Carbon is uniquely prepared to provide users assurances that their 
spent carbon reactivation needs will be legally, safely and 
effectively accomplished. It will detail how Calgon Carbon helps 
users eliminate on-going liability for hazardous organic 

comnounds . 



Step 1 - Proper Spent Carbon Reactivation Evaluation 

Calgon Carbon's process to insure that a spent carbon be 
legally, and safely reactivated begins long before the carbon is 
returned to Calgon 's facilities. First, relevant data must be 
obtained and a reactivation acceptance test conducted. With the 
cooperation of the prospective customer, Calgon Carbon Corporation 
obtains the following information: 

a. The Adsorbate Profile Document 

b. A Certification Statement regarding "Exemption" Compounds 
c- A Certification statement on RCRA Classification 

d. Formal Carbon Acceptance Request 

Additionally, Calgon Carbon's Research Department obtains and 
evaluates samples of spent carbons from all prospective customers 
in our laboratory prior to acceptance for reactivation. In the 
laboratory reaction study, the spent carbon is thoroughly analyzed 
to see if there could be any storage problems. It is then 
laboratory prior to acceptance for reactivation. In the 

laboratory reactivation study, the spent carbon is thoroughly 
analyzed to see if there could be any storage problems. It is 
then laboratory reactivated to evaluate (1) whether there would be 
any reactivation emission problems, and (2) if the carbon can be 
reactivated to acceptable quality. 

When all the above data is obtained and the laboratory study 



completed, a Carbon. Reactivation Acceptance Committee ; within 
Calgon Carbon meets to review the data and make its 
recommendations and/or decisions regarding carbon acceptance. 
When necessary, Calgon Carbon will consult with local , state . or 
federal agencies to insure their concurrence on any recommended 
decision. Calgon Carbon can handle most spent carbons, but wili 
not accept spent carbons that contain. PCBs, dioxin or 1,2 DBCP. 
Furthermore, Calgon Carbon cannot accept spent carbons that have 
certain RCRA test charateristi.cs. . .ignitable below 150 F; pH less 
than 2.0 or greater than 12.5; or carbon that is reactive. 

This thorough reactivation acceptance procedure, consisting 
of a series of analytical and business management steps, is 
undertaken for both the protection of Calgon Carbon and its 
customers. The procedure has undoubtedly contributed to the 
Company's successful operation of reactivation facilities since 
the early 1970' s. 

Steo 2 - Proper Svstem Desicm with Effective Carbon Transfer 
Desicm Features 

A second key step in Calgon Carbon's reactivation process is 
proper adsorber and transport vessel design to insure a totally 
closed loop process. In Calgon Carbon's approach, it is first 
determined if off-site carbon reactivation is the most economical 
or the best option for the customer. When it is, then it is 
important that all spent carbon can be removed efficiently from 
the user site without worker exposure, safely transported in DOT 
approved equipment back to our reactivation facilities, 
efficiently unloaded at the reactivation site without worker 
exposure to the spent carbon and then properly stored/ reactivated 
(as will be discussed below) . This closed loop process begins 
with proper adsorption system design. 

The adsorption system design will affect the loading of the 
carbon', the ability to remove all the carbon, carbon handling 
costs (time management) , and the possibilities of worker or 
environmental exposure. 

Calgon Carbon's pre-engineered systems are designed to (1) 
optimize on-site loading to help reduce reactivation costs, (2) 
remove all the spent carbon, (3) remove the carbon quickly thus 
minimizing handling costs, and (4) avoid all worker/ environmental 
exposure. Suffice it to say, the choices for transporting spent 
carbon include (1) return of the vessel itself, (2) bulk back 
bins, or (3) specially designed, owned, and operated trucks. 
Since most carbon transport is in the trucks, this option is 
further discussed below. 

Step 3 - Proper Spent Carbon Removal and Transport 

Calgon Carbon operates a fleet of trucks which are designed 



to be used with our Model 7.5, .Model 10, Model 12 and Dual 
Adsorber Modules to'--" completely remove and transport 10,000 
2 0,000 lb. loads of carbon per carbon exchange. The operation of 
these trucks is quite simple. Transfers from them are made by 
creating a. defense phase carbon slurry which is then transferred 
..by air pressure. When a truck delivers new carbon to a site, the 
carbon can transferred to the adsorber by pressurizing the truck 
hopper . 

likewise, by pressurizing the spent carbon adsorber with air, 
spent carbon is transferred back to the truck for return to the 
reactivation facility. Depending on carbon requirements, transfer 
tanks mayi be located on-site to assist in the carbon transfers, or 
two trucks will be employed if that's the most economical 
alternative. 

Some of the important steps Calgon Carbon takes relative to 
spent carbon removal and transport are: 

Calgon Carbon provides customers supply assurance 
through its carbon manufacturing capabilities and 
operation of a private fleet of trucks, used exclusively 
for our carbons. 

Every driver is specially trained in carbon transport/ 
changeout procedures and must pass an annual 
recertification test. 

Calgon 's trailers are all fully licensed and insured up 
to $6MM in case of an accident 

All worker/ environmental exposure is eliminated as the 
entire process is a totally closed loop process. 

Step 4. - Proper Spent Carbon Storage and Reactivation 

It is important to note that spent carbons returned to 
Calgon - Carbon ' s reactivation facilities have been used in a 
variety of applications, most of which are not hazardous. The 
carbons may have been used to treat process water, for tertiary or 
secondary waste water treatment in industrial/municipal plants, 
for groundwater treatment, or for applications where dilute 
concentrations of dissolved organic contaminants have been 
removed. Typically, the spent carbon loads returned are about 50% 
activated carbon, 40% entrained moisture and 10-15% organic 
adsorbates. The prior reactivation test has provided critical 
information on how well this carbon will reactivate at various 
conditions. This information is all relevant to the reactivation 
process, as discussed below. 

When the trailer full of spent carbon arrives at Calgon 
Carbon's reactivation plant, it is pneumatically transferred to 
specially designed and lined storage tanks. The carbon is stored 
therein under water at all times to protect against any release 



to the environment. The storage tanks are located within a diked 
containment area and equipped with an overfill "control system. 
They regularly undergo internal inspection and other preventative 
maintenance measures. 

The specific spent carbon will be pumped as a slurry to a 
furnace feed tank and reactivated in Calgon Carbon's multiple 
hearth furnaces , which . are classified as Resource Recovery . unit 
operations under RCRA. The reactivation process drives off the 
adsorbates and oxidizes them to CO , water, acid gases, etc. 
Reactivation occurs at high temperatures in an inert atmosphere so 
that the adsorbates are destroyed, but most of the carbon is 
recovered for reuse. Furnace off gases are diverted to an 

afterburner where any residual hydrocarbon decomposition products 
are oxidized. The off gases are then sent to a scrubber where 
acid gases are neutralized. The gas then enters a baghouse filter 
system where neutral salts and particulates are removed. Solid 
wastes generated are stared on-site (in a hazardous waste 
designated area) until they can be transported off-site for proper 
disposal. 

When the reactivated carbon exits the furnace, it is 
evaluated to insure that all adsorbed organic compounds have been 
driven off and destroyed. 

The reactivated carbon is pumped to and stored in FRP tanks 
similar to the spent carbon storage tanks. They also are located 
in the containment area which includes a 10,000 gallon containment 
sump. A water treatment storage system is located next to the 
carbon storage tank and is used to store spent carbon slurry water 
and any other aqueous wastes generated, for subsequent treatment. 

The reactivation sites at Neville Island, PA, and 
Catlettsburg , KY, are insured in the amount of $6 million each to 
protect against sudden and accidental pollution. They have been 
successfully operating since the early 1970' s and have reactivated 
more than 400MM lbs. of carbon safely and effectively. The plants 
are monitored around the- clock to insure consistent attainment of 
all regulatory requirements. 



Step 5 - On-Goina Technical Services 

Calgon Carbon provides reactivation customers an on-going 
commitment. That commitment includes providing many types of 
technical services. Should the waste change, as often is the case 
in groundwater applications, Calgon Carbon can provide a 
re-assessment of the process/system requirements using computer 
models or proprietary testing techniques. We re-evaluate our 
ability to provide safe carbon handling/ transport and reactivation 
services, at least annually, as further detailed in our Waste 
Analysis Plan. 



The Calgon Carbon reactivation facilities and program is a 
"state-of-art" effort that we believe no one else is currently 
prepared to offer. Our intent is very simple — to help solve 
customer problems efficiently, economically and permanently. 
Calgon Carbon takes pride' in helping customers rid the environment 
of organic contaminants, once and for always. 



V 
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Use of Carbon Adsorption Processes in 
Groundwater Treatment 

Mark H. Stenzel and William J. Merz 

Caigon Carbon Corporation, P.O. Box 717, Pittsburgh, PA 15230 

One of the leading treatment technologies for reduction of organic 

contaminants in groundwater has become the adsorption process utilizing 

granular activated carbon (GAC). 

This paper presents a methodology for selecting the proper adsorption 

system design. The use of the isotherm test for evaluation of carbon 

adsorption is discussed, with new data on adsorption of VOCs presented. 

The use of the dynamic column study for system design and its relationship 

to the isotherm test is reviewed using actual case studies. Design and 

economics for full-scale GAC systems are discussed. The use of adsorption 

to remove organic contaminants from vapor sources resulting from 

groundwater treatment is also reviewed. 
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INTRODUCTION 

The chemical process industry (CPI) may need to pump 
and treat groundwater for two different reasons: either to 
treat groundwater so it can be used as a resource, or to 
treat groundwater as part of a remedial activity. The treat- 
ment of groundwater so it can be used is becoming more 
common, as the CPI often faces the same problems as 
many municipal drinking water utilities in that even deep 
and heretofore clean aquifers have become contaminated 
with trace amounts of organic compounds. Removal of 
these compounds is often necessary before this water can 
be used. In the removal and treatment of groundwater as 
part of a remedial activity, the situation may reflect simi- 
larities to wastewater treatment, in that a CPI site cannot 
allow waste chemicals to migrate off-site, as would occur 
if contaminated groundwaters were allowed to flow un- 
treated beyond the site boundaries. 

In both categories, the organic contaminants of concern 
are, for the most part, chlorinated aliphatic and aromatic 
solvents, commonly referred to as Volatile Organic Con- 
taminants (VOCs). These VOCs have become of primary 
concern as they have little affinity for soil, and thus rap- 
idly pass through the soil and enter the aquifer. Once in 
the aquifer, the VOCs can migrate quickly in the ground- 
water and since they are often resistant to natural degra- 
dation, they can persist for long periods of time [I]. 

Adsorption with granular activated carbon (GAC) is a 
treatment technology that is now widely accepted for re- 
moval of these VOCs from groundwater. The acceptance 
of GAC adsorption is, in part, based on its long history of 
effectively removing organic contaminants from water 



and wastewater. The CPI has used the adsorption process 
to purify water and a wide variety of products, and has 
used it as a physical treatment process in wastewater 
treatment. 

In evaluating the use of GAC for the treatment of 
groundwaters, either for use or as part of a remedial activ- 
ity, the investigator needs to properly define the problem 
and determine the applicability of alternative treatment 
technologies, including GAC. If GAC is to be evaluated, 
methods are available to accurately predict the capital 
and operating cost of applying adsorption treatment. 
These costs can then be compared to other applicable 
technologies, so that the most cost-effective solution can 
be selected. 

TREATING GROUNDWATER FOR USE 

In treating groundwater for use, the CPI is faced with 
many of the same problems as the drinking water indus- 
try, where small amounts of VOCs have been detected in 
potable water aquifers. The EPA, under the 1986 Amend- 
ments to the Safe Drinking Water Act (SDWA), is to gen- 
erate Maximum Contaminant Levels (MCLs) for 83 speci- 
fic contaminants by 1989. Many of these specific 
contaminants are VOCs. Limits have already been issued 
for eight such compounds. Table 1 shows four of these. 
These compounds are specifically regulated for drinking 
water. Many of the listed VOCs, which are now being de- 
tected in nearly 20% of potable groundwater supplies [2], 
may be detrimental to processes and products produced 
bv the CPI. 
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Contaminants 



-~~> i \sc\ I- UUK 



Compound 



Trichloroethylene 
Carbon Tetrachloride 
1,2. Dichloroethanfe 
Benzene 



MCLCmg/1). 

0.005 
0.005 
0.005 
0.005 



The success of GAC in removing these types of organic 
contaminants has resulted in the SDWA Amendments 
stating that other treatment techniques must be at least as 
effective as GAC in order to be considered as a "Best 
Available Technology" [3]. Thus, GAC has been estab- 
lished as the benchmark technology, and its use should, 
be considered in axiy evaluation of technologies for treat- 
ment of groundwater. 

Evaluation Techniques — Adsorption Isotherms 

A basic evaluation technique for activated carbon is the 
liquid-phase adsorption isotherm. The adsorption iso- 
therm is a batch test designed to determine the equilib- 
rium relationship between the organic compound(s) in 
the water, measured as concentration, and the organic 
compound(s) adsorbed on the activated carbon, expressed 
as weight of contaminant per unit weight of activated car- 
bon (carbon capacity). 

Isotherms have long been used as a preliminary evalua- 
tion tool for the use of GAC in wastewater treatment. 
When considering the adsorption of very low levels of 
VOCs, however, test conditions need to be carefully con- 
trolled to prevent the volatilization of the solvents while 
equilibrium is being obtained. Over the past four years, 
Calgon Carbon Corporation has generated a family of sin- 
gle component VOC isotherms for use by the water treat- 



ment industry. Isotherm conditions were carefully se- 
lected so that reliable data points were obtained to better: 
fix the isotherm plot. These conditions included the use 
of samples with no head space, long contact periods 
(20 hours) to assure equilibrium, relatively large quanti- 
ties of powdered GAG to minimize weighing errors, and 
the use of relatively large concentrations of VOCs to min- 
imize analytical errors [4], [5]. 

Figure 1 shows the results of single component iso- 
therms for selected chlorinated aliphatic solvents. Fig- 
ure 2 shows results of single' component isotherms for 
some aromatic solvents.. It is important to note that the 
testing protocol must be consistent when comparing the 
relative adsorbability of one compound to another, or 
when considering the effect of concentration changes. 

Isotherms are useful in identifying whether activated 
carbon will be an effective treatment In fact, when con- 
sidering GAC treatment, isotherms such as these can be a 
valuable screening tool. Isotherms will also be useful in 
determining the effect of decreasing contaminant concen- 
tration, especially when used in conjunction with dy- 
namic testing or actual operating results. 

Prediction of Design and Usage Rates 

The normal sequence of evaluation would be to follow 
the batch isotherm test with a dynamic column study to 
fix system size (contact time) and actual carbon usage 
rates so that a complete economic analysis can be done. If 
the contamination problem is simple, however, the iso- 
therm test can be utilized to predict these parameters. 

Often water drawn from deep aquifers is contaminated 
with only one or two organic compounds that require re- 
moval, and little background contamination from other 
organic material is present. In this situation, the investi- 
gator can have some confidence in determining the sys- 
tem design, using historical column test data to corrobo- 
rate the estimates. 
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ISOTHERM CONDITIONS: 



Sample Volume 
Temperature 
Agitation Time 
Carbon 



= 137 ml 

= Ambient 

= 20 hours 

= Flltrasorb 300 



ISOTHERM IDENTIFICATION 

1. Tetrachloroethyfene 

2. Trichloroethylene 

3. Carbon Tetrachloride 

4. 1.1,1-Trlchloroethane 

5. 1,1-Olchloroethylene 

6. Ctuorotonn 

7. 1.2-Dlchloroethane 

8. Methylene Chloride 



Figure 1 . Single contaminant adsorption isotherms for chlorinated ali- 
phatic solvents. 
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ISOTHERM CONDITIONS: 

Sample Volume = 

Temperature = 

Agitation Time = 

Carbon = 



137 ml 
Ambient 
20 hours 
FIKrasorb 300 



ISOTHERM. IDENTIFICATION: 

1. m-Xylene 

2. Toluene 

3. Benzene 

Figure 2. Single contaminant adsorption isotherms for aromatic solvents. 
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Table 2. accelerated Column Test Studies Low Level/Single Contaminant Cases 







Municipal 


Synthetic 


Synthetic 


Municipal 




Site: 


groundwater 


groundwater 


groundwater 
Trichloroethane . 


groundwater 




Contaminant 


Triohloroethylene 


Trichloroethylene 


Chloroform 


\ 


Concentration, ppb 


' 30 


202 


205 . 


126 ' 


? 


Effluent.. ... 


1 


1 


■1 


1 




objective, ppb 












Contact time, 


10 


8.5 


8.5 


12 




minutes 












GAC usage rate,' 


0^07 


0.12-" 


0.36 


0.9 




pounds/1000 gals. 












Realized capacity 


3.6 


14.1 


'4,8 


1.2 ■ 




mg/gm 












Isotherm (equilibrium) 


8.0 


27.0 


8.8 


2.6 




capacity, mg/gm 












Percent of equilibrium 


45% 


52% 


54.5% 


46% 




capacity realized 











«,33 ll>-/1000 gallons » leg/nil 



Calgon Carbon Corporation has conducted many col- 
umn studies on contaminated potable groundwaters 
using a rapid small-scale column test [6]. These tests, 
using a single short column, small size granules, and 
mathematical modeling, have proven to be effective in 
predicting dynamic performance that has been shown to 
be similar to scaled-column studies [7] and actual system 
operation. The advantage of the rapid test is that the re- 
sults can be obtained in a much shorter time frame, re- 
quiring less sample and less cost for analysis and man- 
power. 

These "Accelerated Column Tests" (ACTs) have been 
used to model the system performance by evaluating con- 
tact times and determining carbon usage rates. Table 2 
shows the results of ACTs run on actual and synthetic 
groundwater samples [5]. The actual groundwaters tested 
had low background organic contamination (<0.5 ppm 
TOC). These tests show that operating systems with short 
contact times can obtain 45-55% of the theoretical, or 
equilibrium, capacity of GAC at the time of "break- 
through," which is when the VOC first appears in the ef- 
fluent These tests also indicate that these contaminants 
adsorb in a relatively short adsorption zone, which means 
that little available adsorptive capacity will remain upon 
breakthrough. 

Based upon the historical ACT data, a preliminary sys- 
tem design for removal of one or two VOCs from a 
"clean" groundwater would include a single-stable ad- 
sorber with 12—15 minutes contact time, calculated on an 
empty-bed basis. A single stage adsorption system will 
minimize equipment costs, and based on a low GAC 
usage, will optimize overall treatment costs. The operat- 
ing GAC usage rate can be estimated at 45-55% of the ca- 
pacity shown by the isotherm. 

A column test such as the ACT would be recommended 
if there were more contaminants present or if there was a 
substantial amount of background organic matter. In 
some areas of the country, even clean groundwaters may 
contain up to 8—12 mg/1 of background organic matter; re- 
ported as TOC, which may adversely affect adsorption of 
the specific contaminants of interest. An ACT is also rec- 
ommended if a more accurate prediction of carbon usage, 
using the actual water to be treated, is deemed necessary. 



Adsorption System Design and Economics 

The downflow, fixed-bed adsorber is the simplest and 
most widely utilized design for groundwater treatment 
applications. The water enters the top of the adsorber, is 



equally distributed across the GAC by the packed, 
flooded-bed design, and is collected by slotted screen 
collectors across the bed cross-section at the bottom of the 
vessel. The fixed-bed design can be either of the gravity 
or pressure type. The pressure type is normally recom- 
mended as it will occupy less space because it uses 
higher surface loading rates (up to 10 gpm/fx 2 , 
0.0068 m/s), and generally, repumping of the treated 
water will not be required. A fixed-bed pressure adsorber 
is usually an AS ME coded carbon steel pressure vessel 
with a corrosion resistant lining. A single-stage adsorber 
is often provided with in-bed sampling ports, if the break- 
through of contaminants needs to be anticipated. 

Typically, 10 ft. (3.048 m) diameter adsorption vessels 
containing 20,000 lbs. (9080 kg) of GAC are used for 
groundwater treatment service. This size adsorber and 
GAC quantity has become an accepted standard size, as 
the spent GAC from a single unit can be transported from 
the site in a single trailer. The GAC quantity limitation is 
due to transportation considerations, as the entire quan- 
tity of GAC, retained pore water, and adsorbate will 
weigh approximately 40,000 lbs (18,160 kg). Each of 
these adsorbers can treat up to 350 gpm (0.022 m 3 /s) at a 
contact time of 15 minutes, and an overall system pres- 
sure drop in the range of 15 psig (0.1 Mpa). 

The following example shows how the preliminary 
economics can be obtained for a groundwater treatment 
scenario. The assumptions for the groundwater source 
are: 



Flow: 

Contaminant: 

Concentration: 

Desired Effluent Cone: 

Background Organic Content: 



300 gpm (0.019 m 3 /s) 
Trichloroethylene 
180 p.g/1 (ppb) 
<5 jig/1 (ppb) 
Negligible (<0.5 ppm) 



Based upon the evaluation procedure and information 
provided, the following preliminary process design can 
be made: 



Adsorbers: 

GAC: 
Contact Time: 

Equilibrium Capacity: 

% Equil. Capacity Expected 

to be Realized 
Estimated GAC Capacity: 
Estimated CAC Usage: 



One 10 ft. (3.048 m) dia. 

adsorber 
20,000 lbs. (9,080 kg) 
17 minutes (empty bed 

basis) 
25 mg TCE/gm GAC 

(Figure 1) 
50% at breakthrough 

12.5 mg TCE/gm GAC 
0.121b. GAC/1,000 gal. 

(0.0145 kg/m 3 ) 
20,000 lbs. (9,080 kg) 



Estimated Annual CAC Usage: 

A single adsorber, complete with process, utility, and 



Environmental Progress (Vol. 8, No. 4) 



November, 1989 259 



Table 3- Ax.iui.rnoN System Annual Costs Low'Level/Sincle 
Contaminant 



Amortization of capital 


$13,400 . 


(8.75% interest/20 years) 




Maintenance 


6,250 


(5% of installed capital) 




Energy costs 


2,400 


(3.5 BHP for additional 15 psig; 




8c/KWH) 




GAC usage 1 


18,000 


(20,000 lb. Calgon F-300; 




$0.90/lb.) 




GAC freight . 


2,750 


(one bulk delivery) 




Total annual cost 


$42,800 


Unit cost 


$0.27/1000 gal. 



Assumes supplier of CAC can remove spent carlxm and arrange for disposition or 
reactivation in an environmentally safe manner. 



humic substances. The type of other organic compounds 
present may influence carbon usage, even though their 
removal is probably hot required. Poorly adsorbed com- 
pounds, for instance, will have little effect on usage rates 
whereas more strongly adsorbed compounds will com- 
petitively adsorb with the contaminants of concern and 
adversely affect usage rates. For such cases* the isotherm 
evaluation can only be used as a preliminary screening ' 
tool. Published single-component isotherms can establish 
whether the compounds of interest are amenable to ad- 
sorption, and which compounds will likely control the 
cost-effectiveness of carbon treatment. Isotherms con- 
ducted on the specific groundwaters, and perhaps evalu- 
ated on a TOC (Total Organic Carbon) basis will show the 
presence of background organic compounds and will in- 
dicate what portion of these can be deemed non-adsorba^ 
ble. If carbon treatment is viable, however, one needs to 
use more advanced evaluation to completely fix the per- 
formance and economic parameters. 



^ 



carbon transfer piping, and provided with 20,000 lbs 
(9080 kg) of GAC can be installed on an existing founda- 
tion for approximately $85,000. A foundation, well pump 
upgrade (if necessary), tie-ins to the existing system, and 
project management might result in a total capital expen- 
diture of approximately $125,000 for a complete 300 gpm 
(0.019 m 3 /s) system. 

The annualized operating cost is shown in Table 3, 
which results in a complete treatment cost of approxi- 
mately 27 cents for each 1,000 gallons treated. This 
amount assumes that the supplier of the fresh GAC will 
be capable of removing and safely handling the spent 
GAC, or possibly reactivating it for reuse. This cost is in 
general agreement with EPA estimates of 34 cents per 
1,000 gallons (3.78 m 3 ), based upon systems below 
1 MGD (3785 m 3 /day) providing 99% removal of TCE at a 
500 ppb or less initial concentration [8]. Also, in a survey 
of similar applications with low contaminant levels and 
single-stage adsorption, Calgon Carbon estimated treat- 
ment costs in the range of 22 to 55 cents per 1,000 gallons 
(3.78 m 3 ) [9]. 

TREATING GROUNDWATER FOR REMEDIATION 

In dealing with remediation activities, the most impor- 
tant factor is that the groundwater is withdrawn at a rate at 
least sufficient to prevent the migration of the contamina- 
tion, or preferably, to capture the contamination and 
eventually remove the contaminants from the site. After 
establishing the water pumping rate, there are numerous 
methods of treatment available, depending on site-spe- 
cific situations. Of primary concern is the degree of treat- 
ment required. A checklist for degree of treatment would 
vary, depending on whether the water will ultimately be 
sent to a wastewater treatment facility, either in an exist- 
ing plant or off-site POTW, whether it will be discharged 
under existing permits, or whether it will be recharged 
into the aquifer. If discharged to an existing treatment fa- 
cility, for example, it is likely that point source treatment 
will be needed to reduce volatile and biologically resist- 
ant or toxic contaminants. 

Once the flow, contaminants, and degree of treatment 
are fully defined, an evaluation of potential treatment 
processes can be made. For the type of organic com- 
pounds prevalent in contaminated groundwaters, espe- 
cially chlorinated aliphatic and aromatic solvents, ad- 
sorption with GAC has proved to be a Highly effective 
treatment. 

The groundwaters withdrawn in remediation projects 
often contain a complex mix of contaminants. If drawn 
from a shallow aquifer, the groundwater may also contain 
other organic compounds, such as natural occurring 



Evaluation Techniques — Column Studies 

If a review of the isotherm data establishes that GAC is 
a viable treatment technique, a scaled-column study can 
be conducted to observe the breakthrough characteristics. 
Based on proper selection of contact times, a carbon 
usage rate can be established for economic analysis. The 
isotherm review will also establish the least adsprbable 
contaminant of interest, so that a column study can be 
monitored for breakthrough of only that contaminant to 
simplify the analysis and reduce analytical costs. Al- 
though the scaled-column test is the best technique to de- 
fine GAC system parameters, there can still be physical 
problems with the handling of water containing volatile 
contaminants, and the time and expense involved with 
such a study can be significant. 

The rapid, small-scale column test, such as the ACT, is 
often a good means of obtaining dynamic data within a 
short period of time. Knowledge of the flow rate and in- 
fluent characteristics is usually sufficient to select a con- 
tact time. This information, coupled with the understand- 
ing of what will be an economical adsorption system size 
for the actual site, would help select the contact time ulti- 
mately modeled. With the use of an actual field sample, 
the ACT will take into account actual operating situa- 
tions; including the mass transfer zones as determined by 
the kinetics of adsorption and competitive effects of mul- 
tiple components. The ACT will provide information on 
usage rates at breakthrough and saturation for the contam- 
inants under consideration, which will be useful in deter- 
mining system configuration and the degree of treatment 
for the economic analysis. 

Table 4 shows the results of a variety of ACT studies 
conducted by Calgon Carbon on actual groundwater 
samples. These samples show a cross section of examples 
that might be expected in remedial activities, such as 
cleaning groundwaters from spills, leaking underground 
tanks or pipelines, Ieachates from dump sites, or from 
normal industrial activity. Before running these studies, it 
was determined that adsorption was an applicable treat- 
ment, but that more information was needed to confirm 
the system design and carbon usage rates. 

Cases 1 and 2 show situations that are relatively simple 
and exhibit low GAC usage rates; indicating that a single- 
stage adsorption system would still be the optimum sys- 
tem. Case 1 also indicates that, due to the relatively 
higher concentration, of trichloroethylene, a higher driv- 
ing force toward equilibrium results in 60% of the equi- 
librium capacity of the isotherm being realized. 

Case 3 covers a situation in which a poorly adsorbed 
contaminant is present in the mixture. Combined with 
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Table 4. Accelerated .Column Test Studies Groundwater from Remediation Sites(Actual Site Samples) 



A 





Simulated 
















. conditions 


Adsorbates 




■At breakthrough 


At saturation 






Contact' 


Contaminant 








Effluent 






Loading 


time 


(order'of 


Concentration 


GAC load 


lbs/1000 


cone. 


lbs/1000 


Case 


gpm/sf 

3.8 


min. 


breakthrough)' 


mg/I 


mg/gm 
61 


gallons 
0.45 


..mg/1' 
0.001 


gallons 


1 


18 


Trichloroethyiene 


3.3 




2 


2.0 


. 35 


Benzene 


0.024 


0.5 


0.4 


0.002 










Toluene 


0.116 


2.4 


0.4 


0.002 


• 








Xylene 


0.630 


13 


0.4 


0.001 


. 


3 


3.5 


20 


Methylene chloride 


0.007 


0.014 


5.8 


0.001 


5.2 








• Chloroform 


0.268 


3.8 . 


0.8 


. 0.004 


0.7 








Cis-1,2-Dichloro- 


0.118 • 


2.6 


0.5 


0.001 


0.46 








ethylene 


















Carbon tetrachloride 


39.8 


— 


— 


— 





4 


3.8 


20 


1,2-Dichloroethane 


0.095 


0.13 


5.9 


0.003 


4.0 








Chloroform 


0.223 


0.37 


5 


0.010 


4.0 








. Carbon tetrachloride 


3.08 


6.4 


4 • 


0.010 




5 


1.3 


.100 


Benzene 


0.034 


3.1 


3.0 


0.003 


2.0 








Toluene 


4.6 


79.0 


3.0 


0.125 


2.1 








Xylene 


4.1 


— 


— 





, , 


6 


1.3 


44 


TOC 


150 


— 


— 


55 


^_ 








Benzene 


10.2 


7.7 


11 


0.002 











Toluene 


8.2 


9.7 


7 


0.002 


,. 


7 


2.6 


22 


TOC 


15 


— 


— 


15 


. , 








Phenol 


44 


147 


2.5 


0.04 


1.1 








Benzene 


0.44 


4.6 


0.8 


0.33 


0.74 



1470 jtpm/Nf ^ m/s 



other VOCs, the presence of methylene chloride results 
in a relatively high carbon usage rate, if the methylene 
chloride is to be removed to non-detectable levels. The 
designer has several options available in designing an ad- 
sorption system for this situation. One option is to add a 
second stage to the process to allow the first stage to reach 
saturation, thereby reducing the carbon usage rate by ap- 
proximately 10%. A second option, depending upon the 
disposition of the water and the applicable treatment lim- 
its, is to allow the methylene chloride to break through 
the carbon system and remain in the effluent or allow 
downstream mixing to reduce the concentration. Third, 
the use of a combination of technologies can be con- 
sidered for a case like this. Finally, the designer may ex- 
pect the concentration of the methylene chloride to di- 
minish over time and disregard its effect on the usage 
rate. For the last two cases, the economic analysis would 
be based on removal of the remaining VOCs, which, in 
this example, would be determined by chloroform re- 
moval. 

Cases 4 and 5 both exhibit the benefit in adding a sec- 
ond stage to an adsorption system, especially when work- 
ing with a mixture of contaminants in the mg/1 range. In 
these cases, a 30-32% decrease in carbon usage rate was 
realized by allowing the carbon to obtain full utilization 
for the contaminant. In Case 5, involving aromatic sol- 
vents, although benzene is more poorly adsorbed than to- 
luene, both contaminants breakthrough and reach satura- 
tion at about the same time due to the much greater 
concentration of the toluene. 

In some situations, one contaminant may be present to 
a much greater extent than the other compounds in a mix- 
ture. In certain examples, such as Cases 3 and 4, these 
contaminants will adsorb preferentially and other con- 
taminants will breakthrough first. In other examples, such 
as Case 5, the predominant contaminant may break- 
through first. The designer may have to monitor for both 
the predominant contaminant and the less adsorbable 
contaminants in order to determine the carbon usage rate. 

Cases 6 and 7 illustrate the effect of the presence of 
other organic compounds that need not be controlled by 
the treatment process. As discussed earlier, the adsorba- 
bility of these organic compounds may influence the ad- 



sorption of the contaminants of interest. The ACT test 
should determine the overall effect of such compounds 
on the usage rate for removal of specific contaminants 
under consideration. In Case 6, the presence of 150 mg/1 
TOC increases the carbon use rate for benzene and to- 
luene above that which might have been expected after 
observing Case 5. In Case 7, a non-volatile contaminant, 
phenol, is adsorbed to a greater degree than benzene, but 
it will breakthrough first, due to its higher concentration 
and solubility. Due to the adsorption of phenol, the ca- 
pacity of GAC for benzene is adversely affected. For this 
case, addition of the second stage will improve usage 
rates for the phenol and benzene. 

These column studies illustrate some of the design de- 
cisions that need to be made when conducting an analysis 
of GAC treatment. Consideration of a second stage may 
improve carbon usage and optimize the treatment cost. 
Knowledge of effluent requirements will determine the 
proper control point for the adsorption process, and an 
understanding of impacts of change in influent levels may 
influence the selection of the treatment process. 

Adsorption System Design and Economics 

As a remedial treatment would likely encounter a mix 
of contaminants or contaminant concentration in the mg/1 
range, a staged adsorption system design would generally 
be recommended to minimize carbon usage and optimize 
treatment costs. Multiple pressure vessel systems, nor- 
mally two units, will achieve the staged process design. 
The second unit will continue to adsorb contaminants, 
while the first stage is allowed to become more or less 
fully saturated for the contaminants. When the first stage 
is refilled with fresh GAC, it is then returned to service as 
the second stage unit. To allow for return of the spent 
GAC in the same trailer that delivered the fresh GAC, a 
transfer tank is often used to temporarily hold the spent 
GAC while the fresh GAC is unloaded into the adsorber. 
The GAC usage rate will normally determine whether the 
inclusion of a transfer tank is economically attractive. 

Activaced carbon treatment of groundwaters with con- 
taminants in the mg/1 range will likely result in higher 
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levels, a two-stage system is selected to assure both the 
achievement of this effluent level and to minimize GAC 
usage. The following process design was selected: 



Figure 3. Two-stage adsorption system. This photo illustrates an installed 
two-stage adsorption system. Each adsorber is a 10 ft. (3.048 «)] diame- 
ter vessel containing 20,000 lbs. (9080 kg) of granular activated carbon. 
The system is skid mounted for ease of installation and pipe support. This 
site treats 350 gpm (0.022 m 3 /s) for groundwater treatment. 



carbon usage rates and greater contaminant concentra- 
tions on the spent carb« ;. The advantage of carbon ad- 
sorption is that these r ;".taminants have been concen- 
trated and can be retained in the carbon granule for 
transport. If the spent carbon is sent to a thermal reac- 
tivation process, the contaminants will be thermally de- 
stroyed in the process and the carbearan be reused. 

Each individual adsorbor in the staged system would 
be similar to the single-stage adsorber described previ- 
ously, with a piping netv. >rk utilized to effect the staging 
procedure. Figure 3 shc.vs a typical two-stage adsorption 
system using two 10 ft. (3.048 m) diameter adsorbers, 
each of which contains £0,000 lbs (9080 kg) of granular 
activated carbon.._ 

The following example illustrates an economic analy- 
sis, using Case 5 as a baiis. Assuming that benzene, to- 
luene, and xylene are to be reduced to non-detectable 



Table 5. Adsorption System Annual Costs Remedial Site— 
Case 5 



Amortization of capital 

(8.75% interest/20 years) 
Maintenance 

(5% of installed capita!) 
Energy costs 

(3.5 BHP for additional 15 psig; 

8<s/KWH) 
GAC usage 1 

(20,000 lb. Calgon F-300; 

(ui$0.80/lb.) 
GAC freight 

(10 bulk trailer deliveries) 

Total annual cost 
Unit cost 



$ 37,600 

17,500 

2,400 

160,000 

27,500 



Flow: 

System: 
Quantity GAC: 

Contact Time: 
GAC Usage: 



200 .gpm (0.0126 m 3 /s) 
(24 hrs^day, 345 days/yr.J 

two-stage plus transfer tank 

20,000 lbs. (9,080 kg) 
per stage 

26 minutes/stage 

2 IbsVl.OOO gallons treated 
(Q.24 kg/m 3 ) , 



$245,000 
$2.47/1000 gal. 



1 Assumes supplier of GAC fan renwve spent curtain and arrange fur disposition or 
reactivation in an environmentally wife manner. 



It is assumed for this example that the carbon usage rate 
from the column study is obtainable at shorter contact 
times. The capital cost for the two-stage system, with 
transfer tank, is predicted to be $350,000, utilizing the 
same assumptions as for the single-stage system. 

The breakdown of the annualized operating cost is 
shown in Table 5 which results in a treatment cost of ap- 
proximately $2.47 per 1,000 gallons (3.785 m 3 ) treated. 
The largest portion of this operating cost is due to the on- 
going cost of GAC. Any reduction in influent concentra- 
tion will be directly reflected in savings in carbon cost. In 
the survey cited earlier [9], Calgon Carbon estimated 
costs in the range of 48 cents to $2.52 per 1,000 gallons 
(3.785 m 3 ) treated for similar situations, using two-stage 
adsorption systems and recycling the activated carbon via 
thermal reactivation. The choice on how to handle the 
spent carbon is an important decision in any application 
of carbon adsorption, but particularly so in remedial treat- 
ment, where carbon usage is higher. 

Reactivation offers a number of advantages over dis- 
posal, including lower cost in most cases, plus the assur- 
ance that reactivation, if properly done, will destroy the 
adsorbed contaminants in the process and remove them 
from the environment. While reactivation can theoreti- 
cally be performed on-site, most of these types of projects 
will have too low a carbon usage to justify on-site reac- 
tivation, and reactivation will be performed off-site by a 
company offering reactivation services. Spent carbons 
from remediation projects, in particular, will often be 
considered a hazardous waste-Under the RCRA regula- 
tions. If the spent carbon is manifested as a hazardous 
waste, it is important that the company accepting the 
spent carbon have all requisite RCRA and other permits, 
and that the facility affords protection against occurrence 
of environmental incidents. It is also in the generators in- 
terest that the provider of reactivation services have the 
necessary insurance coverages and resources to properly 
indemnify the generator of the spent carbon against a po- 
tential liability for improper carbon handling. 



Pretreatment for Carbon Adsorption Systems 

At times, groundwaters from remedial activities may be 
complex in nature and multiple treatment steps may be 
required, of which carbon adsorption may be an integral 
part to remove specific organic contaminants to non- 
detectable levels. If the pre-treatment system to the GAC 
adsorption system includes precipitation of settling steps 
for metals or suspended solids removal, it is recom- 
mended that filtration be included in the design. While 
granular carbon itself is an excellent filtration medium, it 
may develop high-pressure drop faster than a unit process 
designed for more in-depth filtration. Also, pressure fil- 
ters often utilize smaller diameter units operating at 
higher-surface loading rates and, thus, required less back- 
wash water. If a carbon unit is operating alone as a treat- 
ment step, however, it is recommended to include a back- 
wash or backflush capability so that the unit can be kept 
in operation for the full life of the GAC. 
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Iron and manganese have long been 
recognized as objectionable in municipal and 
industrial water supplies, causing taste, stain, 
color, and turbidity problems. The USPHS 
(United States Public Health Service) recom- 
mended limit toriron is 0.3 mg; tor manganese 
0.05 mg; and for combined iron and manga- 
nese 0.3 mg. 

Methods for removal of iron and manga- 
nese are dependent upon the comparative in- 
solubility of the hydrated ferric and manganic 
oxides. Treatment of ground waters (well 
water) for iron and manganese removal em- 
ploys an oxidant(s) to form precipitates and 
filtration to remove the particulate matter. 1 
This treatment is normally accomplished by 



one of three processes (1) aeration-filtration, 
(2) chlorination-filteatian, or (3) the Manganex 
Process {Manganese Greensand). 

AERATION FILTRATION 

Aeration-filtration closely parallels the 
natural phenomenon of oxidation in ground 
waters. The process equipment typically in- 
cludes an aerator, retention tank and filter. 
(See Figure 1). 

An aerator mechanically brings the wa- 
ter in contact with the atmosphere. The oxy- 
gen from the atmosphere reacts with the iron 
and manganese in the raw water, producing 
relatively insoluble salts of ferric and man- 
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ganic oxides. Oxygen requirements to convert 
iron from the ferrous to the ferric state are low, 
being only 0. 1 4 mg of oxygen for each 1 .0 mg 
of iron. The rate of reaction is dependent upon 
p, the rate being more rapid at higherpH's. For 
most waters a 50% saturation of dissolved 
oxygen is adequate to complete the reaction. 

Aeration also reduces the free carbon 
dioxide, methane and hyddrogen sulfide. 
Sulfide removal is limited by the relatively high 
phi levels normally encountered in ground 
water. If complete removal is required, the pH 
of the wafer must be in the range of 4 to 5 and 
be followed by chlorination or potassium per^ 
manganatefeed. In such cases it is necessary 
to supersaturate the water with air. 

Dissolution of oxygen and expulsion of 
gases may be accomplished by various aera- 
tion devices such as Induced Draft, Forced 
Draft, Cascade, Coke Tray, and Tray Aera- 
tors. Common to all these units is the expo- 
sure of drops of water to the atmosphere. 
{Consult Roberts Filter Manufacturing Co. or a 
Roberts Representative for application, siz- 
ing, and selection). 

To allow sufficient reaction time, and 
also to provide a wet well, aerators are nor- 
mally followed by retention tanks. Detention 
time requirements vary from 20 minutes to 3 
hours, depending upon characteristics of the 
raw water. 2 Retention tanks also serve as an 
application point for chemical additives such 
as chlorine, lime, or caustic soda. Treated 
water is then pumped from the retention tank 
through pressure filters. If total iron and 
manganese concentration in the raw water 
exceeds 7.0 mg, to reduce filter loading, con- 
sideration should be given to a sedimentation 
basin (gravity cJarifier} with sludge collection 
and removal facilities rather than a simple 
retention tank. 



Iron arid manganese removal filters are 
normally of the pressure type. The filter media 
is either filter sand or a dual bed of anthracite 
and filter sand. The choice of media Is deter- 
mined by bed loading requirements. In cases 
where, iron and manganese concentrations 
are low (1 .5 mg or less), normalfy filter sand is 
sufficient. However, when maximum efficiency 
in bed loading is required, dual media should 
be employed. (See Roberts Technical Bulletin 700.2) 

CHLORINATION FILTRATION 

This process utilizes chlorine (either gas 
or hypochlorites) as the oxidizing agent. The 
process equiipment norrmally consists of a 
chemical feed system and filters. (See Fig.2) 

Chlorine is injected into the raw water 
feed line as close to the well pump as possible 
to obtain maximum contact time (a minimum 
contact time of 20 seconds is required). In 
order forthe reaction to take place the chlorine 
mustfirst react with waterto form hypochlorous 
add, the active oxidizing agent. The hy- 
pochlorous add reacts with the soluble iron 
and manganese, producing the respective 
insoluble oxides. 

The theoretical amount of chlorine re- 
quiretfto oxidize 1 .0 mg of soluble iron is 0.66 
mg. In practice, however, more than theoreti- 
cal quantities are applied. The oxidation reac- 
tions are dependent upon, and are more rapid 
at, higher pH levels. Alkalies, such as soda 
ash, caustic soda, or firne are used to raise pH 
to the desired level (see Roberts Technical 
Bulletin 900.1). 

To oxidize each 1 .0 mg of soluble man- 
ganese theoretically requires 1 .3 mg of chlo- 
rine. As this reaction is often slow and incom- 
plete, the chiori nation-filtration process is 
normally applied to only Iran bearing waters. 3 
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After chlorination, and the addition of 
alkalinity (if required), water is applied directly 
to the filters and the now insoluble iron is 
removed by the filter media. Manganese 
removal is usually minimal (approximately 1 0% 
to 20%) unless unusually long contact time is 
provided. * 

As with aeration-filtration, the filter media 
is eitherfiitersand oranthracite and filter sand. 
In that chlorination-filtration systems are usu- 
ally used for removal of relatively low concen- 
trations of iron (less than 2 mg), filter sand is 
often adequate to obtain desired service runs. 

MANGANEX PROCESS 
(MANGANESE GREENS AND) 

Tthe Manganex Process (commonly 
called Manganese Greensand) Flow Diagram 
is similar to that of chlorination-filtration (see 
also Figure 3). Equipment requirements for 
both systems are the same, that is, chemical 
feed for oxidation, pH adjustment if required. 



and a filtration system. The disimilarities are 
the primary oxidizing agent and the filter media. 

A 1% to 4% solution of potassium 
permanganate{KMn0 4 ), a strong oxidizing 
agent, is fed upstream of the filters to allow a * 
minimum contact time of 20 to 60 seconds. 5 ) 
During this period, soluble iron alia T "fflan§a- ^ 
nese are converted to the corresponding ox- 
Ides. These oxides are removed by a effi- 
ciency dual filter media bed comosed of a top 
layer of anthracite and a lower layer of Manga- 
nese Greensand. The majority of particulate 
matter is removed in the anthracite bed. Iron 
and manganese not removed in the anthracite 
bed. Iron and manganese not removed by the 
anthracite are filtered out by the bed of Manga- 
nese Greensand. The Greensand will also 
remove small amounts of iron, manganese 
and potassiium permangante that remain in 
the soluble form. This system differs from a 
norma! dual bed in thatthe Manganese Green- 
sand acts as a "catalyst" removing by chemical 
as well as physical means. 
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Potassium permanganate has been used 
for some time in water treatment but has had 
a relatively short history as a continuoousiy fed 
oxidant in pressure filter systems. A problem 
in the past was the necessity of accurate 
chemical feed. If too little potassium perman- 
ganate were fed, iron and manganese break- 
through would occur. If too much were fed, the 
KMn0 4 , which had failed to react, would cause 
a pink color in the filter efluent This operating 
problem was greatly reduced by Manganese 
Greensand. 

Manganese Greensand is prepared by 
treating gfauconite (natural zeolite) with man- 
ganous sulphate and potassium permanga- 
nate which gives this media the characterists 
of a catalyst. The treated Greensand acts 
(when used in conjunction with potassium 
permanganate) as a buffer zone, compensat- 
ing tor both over or under chemical feeding. 

Stoichiometrically, 0.94 mg of potassium 
permanganate is required to oxidize 1 .0 mg of 
iron, and 1.95 mg of KMn0 4 to oxidize 1.0 mg 
of manganese. Under normal operating con- 



ditions experienced in water treatment the 
actual requirements are less than these theo- . 
retical dosages. At pH levels between 7.5 and ^ 
9.0, the reaction is complete and rapid. 8 The J 
rate of this reaction is very important as this 
process Is usually employed In installations 
with direct pumping, i.e., from the well through 
the filters to the distribution system, limiting 
contact time. 

As previously discussed, chlorine is a 
very effective oxidant for soluble iron. Accord- 
ingly, both chlorine and potassium permanga- 
nate are employed in contact catalyst filtration 
when iron appears in significant concentra- 
tions (typically greater than 1 .0 mg). As most 
potable water supplies are required to chlorin- 
ate for sterilization, prechlorination for oxida- 
tion of iron does not increase the capita! or 
operating cost of a water treatment plant. 

In certain situations prechlorination is 
not practical because of the presence of or- 
ganics. which may form chloro derivatives 
resulting in objectionable tastes and odors. In 
such cases, potassiium permanganate should 
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be emptoyed as the sole oxidizing agent and 
chlorine should be appltedonly afterfiftration. 7 

SYSTEM DESIGN 

General, iron and manganese removal 
systems employ pressure filters. Information 
regarding thse fitters may be found Roberts 
Technical Bulletin 700. 

Standard accessory components of iron 
and manganese removal filters are: 

1 . Rotary media agitator (forfilters larger 
than 5' Dia.). 

2. Roberts non-dog interface airwash 
system (for filters less than 5" Dia.). 

/ 3. Filter rate-of-ffow meter to indicate the 
I flow of water during filtering and/or 

backwashing. 

4. Backwash rate -of-flow control device. 

5. Sight glasses on waste connectionsto 
indicate visual characteristics of waste 
and rinse water. 

6. Sample cocks immediately before 
and after filter media and chemical 
feed. 

The above are suggested to assure effi- 
cient long term operation. 

Selection of the most economical iron 
and/or manganese removal system is based 
upon raw water characteristics, required eflu- 
ent quality, and cost analysis (Table 1). In 
cases where little is known of the aquifer, pilot 
studies should be considered. Pilot filter 
systems are available from Roberts on a rental 
basis for the three processes described in this 
bulletin. Data from such test programs enable 



the designer to determine the best process or 
a particular project. Where pilot studies are 
impracticable, jar tests should be used. ,x 
(Roberts will supply jar test procedure upon | 
request). Experience, of course, is the best J 
guide for any particular area / 

After a process has been selected, the 
proposed system must be examined in terms 
of chemicalfeed, hydraulics, and backwash 
requirements. 

System design should provide chemical 
feed proportional to raw water flow rates. In 
"on-ofT situations where single well pumps are 
used, control of the chemical feed systems 
may be inter-connected with the well pump. 
Often, however, more than one purhp will be 
used producing varying flows. In such cases, 
either separate chemical feed or each well \ 
pump or a variable chemial metering system \ 
paced with the raw flow should be employed. J 

Although important toallsystems, chemi- 
cal feed is most critical in the Manganex Proc- 
ess. Continued excessive feed will produce a \ 
1ully regenerated bed leading to leakage of / 
potassium permanganate causing a pink tinge ' 
in the filter effluent While not as dramatic as 
with the Manganex Process, over or under 
feeding will have efects on both aeration- 
filtration and chlorinaiion-fiJtration. These ef- 
fects can range from increased corrosiveness 
to bad taste. Conditions from improper feed 
need not be an operational concern if dealt 
with in system design. 

In most cases, vertical turbine pumps are 
used for well water supplies. This type of 
pump is ideally suited to this purpose, provid- 
ing efficient service. Multi-stage pumps , 
however, have high shut-off heads, often 
exceeding 250 psi. As most filter and piping 
systems are designed for pressures ranging 
from 75 to 125 psi, high pressure resulting 
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from dead ending can cause serious damages 
to a direct pumping operation. Controls of 
filters, in such systems, whether manual or 
automatic, shpukJ be such as to prohibit dead 
endings. Continuous flow even during back- 
wash and rinse cycles 1$ often obtainable with 
standard valve arrangements 

Backwashing is a basic requirement to 
all fi rtrati on systems. The supply of backwash 
water for pressure type systems normally 
comes from, either an elevated storage 
tanks(s), a hydro-pneumatic tank(s), a back- 
wash storage tank, or filter effluent.' Supply 
should be provided to allow tor sequential 
backwash of fitters while maintaining a prede- 
termined minimum storage capacity. Storage 
facilities can be minimized by prohibiting back- 
wash during low storage levels or by back- 
washing during periods of low demand. An- 
other means for reducing or minimizing stor- 
age requirements is by using a bank of filters, 
thus allowing service filters, not employed in 
backwash, to furnish either backwash supply 
or storage water. 

OTHER IRON AND MANGANESE 
REMOVAL SYSTEMS 



has found limited application for manganese 
removal as the cost is generally prohibitive. 

The flow diagram for chlorination-filtra- 
tion (Rg. 2) is also typical for chlorine dioxide- 
filtration. 

SUMMARY 

Effective and reliable iron and manga- 
nese removal systems are available for treat- 
ing a variety of ground water supplies. The 
selection of a process is based upon the evalu- 
ation of a number of factors summarized in 
Table 1. 

Roberts Filter Manufacturing Company 
has broad experiences with these processes 
and has equipment and controls especially 
designed for their applications. Additional 
engineering data, drawings, and cost esti- 
mates are available from all Roberts' Repre- 
sentatives and Sales Offices. 



Three iron and manganese removal 
systems have been described in this bulletin. 
Other processes, such as ion exchange, chlo- 
rine dioxide-filtration, and pH adjustment, have 
also been employed, with less frequency and 
success, to achieve the same ends. These 
systems are normally not competitive with 
other means of iron and manganese removal. 
Of these latter three systems chlorine dioxide- 
filtration has had the most success. 

Chlorine ddioxide is considered a strong 
oxidizing agent which will rapidly react with 
both iron and manganese. Chlorine dioxide is 
produced by reacting sodium chlorite with 
chlorine in an aqueous media. This method 



1)lnan and manganese am considered ground water supply 
ptobieiTts, although soluble iron and manganese may occur invrfase 
waters. Tr»«imentpfOoessosoutSnedirithisbull«tinar«gcnera%Ep- 
piicable to surface waters when ti sad in con junction with floceulaticn. 
sedunerKatioA, and grsvtty filtration. 

2) Sedmentabon in varying degrees wil occvrin the retention 
tank depending upon deienifon time. In aS cases previsions should 
be made tor stodge removal. 

3) (Hydrogen suffice removal of up to 5 mg can also be 
realized. However, above this level economics normally indicate 
aeration). 

4} As much as 3 hours may be required for significant 
manganese precipitation. 

SJAKhoooh *» reaction Brno normally tails within the given 
range, certain soluble organic iron and manganese complexes re- 
qur* as much as ten minutes lor conversion. 

6) pH tovete below 7.1 may causa deterioration of Manga- 
nese Greenland. 

7) (As with chlonnation-rStratioft, hydrogen sulfide removal 
can be achieved with potassium penrianganaae. Normally 1 ma of 
H ,S requires * mg cl KMnO,, en3. therefore . is uneconomical at nig her 
H,S concenftations.] 

8) In certain isolated situations backwash with untreated raw 
water a permbsblo. 
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Computer generated isotherms from adsorption theory; 

Adsorption on CaJoon Carbon Type BPL GAC 

Temperature: 77»F, Relative ' Humidity: <«*» 
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.001 .01 

Partial Pressure, PSIA 

Figure 4. Vapor phase isotherms. 



Another step that may precede adsorption is air strip- 
ping for removal of the most volatile contaminants. In 
many cases, the air stripping process can remove the bulk 
of the VOCs ahead of the adsorption unit, gready reduc- 
ing the carbon usage rate needed to remove the overall 
VOCs to non-detectable levels. This approach could, for 
example, be considered for the methylene chloride case 
(Case 3) previously discussed. If an air stripper system is 
considered, all of the operating expenses for an air strip- 
per need to be taken into account. These expenses in- 
clude downtime for cleaning and disposal of cleaning 
chemicals used for controlling scaling and fouling, and 
repumping the effluent. Possible influent variation, 
change in contaminant mix, effect of non-volatile contam- 
inants, and potential requirements for off-gas treatment 
may result in the air stripper not reaching treatment ob- 
jectives, and added expense for design changes or addi- 
tional treatment. 

For relatively clean groundwaters, it may be more eco- 
nomical to remove the VOCs by air stripping and use ad- 
sorption with GAC to remove them from the air stream, as 
vapor phase GAC has more capacity for organic contami- 
nants adsorbed from air than liquid phase GAC has for the 
same contaminants in water. 

ADSORPTION OF CONTAMINANTS FROM AIR SOURCES 

Two aeration techniques that are finding acceptance in 
removing VOCs at remedial sites are air stripping for re- 
moving VOCs from groundwater, and in-situ soil air strip- 
ping that removes VOCs from the unsaturated zone above 
the water table. In both cases, VOCs are transferred to a 
vapor stream that may require treatment to remove the 
contaminants before they are released to the environ- 
ment. Carbon adsorption is widely used in this applica- 
tion, as it has for many years been a well-established 
technology for removing organic compounds from vapor 
sources, such as solvent recovery operations in industry 
and odor control in wastewater treatment. 
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Evaluation Techniques— Adsorption Isotherms 

As with the liquid phase evaluation, the vapor-phase 
adsorption isotherm is the basic evaluation technique for 



• removal of organic contaminants from air. The compi- 
lation of single component isotherms in Figure 4 show 
the greater capacity for the contaminants in the vapor 
phase. This phenomena is partly explained by the struc- 
ture of the vapor phase carbons compared to the liquid 
phase carbons, and partly <lue to the behavior of the sol- 
vents in their vapor state. In general, preliminary vapor 
phase carbon usage can be predicted by adding the car- 
bon usage generated by each individual contaminant, as 
competitive adsorption effects are less of a concern in the 
vapor phase than in the liquid phase. The isotherm pre- 
diction assumes relatively low moisture in: the vapor, as 
high moisture (greater than 50% RH) can cause the GAC 
pores to fill with water and adversely affect the predicted 
vapor phase capacity. 



Design of Vapor Phase Adsorption Systems 

The choice of vapor-phase adsorption systems is usu- 
ally between one of two basic processes: regenerable and 
non-regenerable adsorption systems. The choice be- 
tween the two systems is based on economics, with par- 
ticular consideration given to the expected life of the re- 
medial project. In in-situ soil-stripping processes, for 
example, the initial organic loading may be high, but then 
it often falls off rapidly in an asymptotic manner [JO], so 
that the design of choice is nearly always a non-regenera- 
ble type when the project life is taken into consideration. 
For air stripper systems, however, a regenerable system 
may be more economical than one in which the carbon is 
replaced and disposed of on a frequent basis. 

In a non-regenerable system, the contaminated air is 
passed through the adsorption system and discharged. If 
the contaminated air is from an air stripper, the air may be 
heated by approximately 25-30°F (14-17°C) to reduce the 
humidity to less than 50%, thus providing for greater ad- 
sorptive capacity by minimizing the tendency for water 
vapor to condense and fill the pores of the GAC. The capi- 
tal cost for a non-regenerable systems is generally low, as 
adsorbers and duct are often constructed of FRP. The size 
of the vessel is determined by two factors. The vessel di- 
ameter is determined by the air flow rate, often in the 
range of 40-80 fpm (0.2-0.4 m/s) face velocity and the bed 
depth of GAC, normally 3 to 5 ft. (0.9-1.5 m) depth, de- 
pending upon the frequency of exchange required. 

Vapor-phase adsorption occurs in a very short depth of 
the bed, so relatively short bed depths can Vie employed, 
as compared to the deeper bed depths normally used in 
liquid phase systems. 

The equipment cost of a vapor phase adsorption system 
is approximately equal to the equipment cost of the air 
stripping equipment it is associated with. The cost of car- 
bon on a per pound basis may be two to three times that of 
liquid phase GAC, as the price for vapor phase carbon is 
higher, and spent carbon handling costs may be higher 
due to the higher contaminant loadings obtained in the 
vapor phase. 

In a regenerable vapor-phase adsorption system, the 
GAC can be regenerated in place. The regeneration of 
GAC in vapor-phase service requires less severe condi- 
tions than that required for regeneration of liquid phase 
carbons since there is a low level of mositure in the car- 
bon particle. Also, the adsorbed organic compounds are 
volatile to begin with and are more easily desorbed from 
the carbon surface. Liquid-phase systems also will tend to 
adsorb many non-volatile compounds and other organic 
compounds that are not easily desorbed. The use of re- 
generable systems becomes economical when the carbon 
exhaustion rate is high, and the amount invested in re- 
generable systems is offset by the savings in the cost of 
purchasing replacement GAC. 
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", {us iti i i :egen. arable system; as is often used in sol- 
vent recovery operations, is the most.common type of re- 
generable system. In .this process, contaminated air is 
passed- through one of two carbon adsorbers and then dis- 
charged. While one adsorber is on line, the second is re- 
generated by heating the GAC to about 220°F -(105"C) 
with steam. The steam carrying the desorbed organic con- 
taminants is then cooled in a condenser,.and the conden- 
sate is collected for disposal. 

The capacity of GAC for the contaminants in a steam re- 
generable system is often less than for fresh GAC. This 
working capacity of the GAG is determined by the type of 
contaminants being desorbed and the degree of removal 
required. In many cases, this working capacity may be 
less than 20% of the capacity of fresh GAC due to reten- 
tion of adsorbed contaminants in the small carbon pores. 
. There are newer processes available that can be used 
when a more complete regeneration is desirable. A more 
compioto removal of adsorbed contaminants . can be ef- 
fected using a hot inert gas, nominally at 350°F (175°C), 
for in -place regeneration. This hot gas regeneration re- 
covers a greater portion of the working capacity than is 
obtained with steam regeneration. The organic contami- 
nants desorbed and carried with the hot gas can be re- 
moved by cooling or can be oxidized by sending the gas 
directly to a thermal oxidizer. This type of regenerable 
system may be especially viable if disposal of condensate 
from a steam regenerable system becomes a major factor, 
or if the goal is to obtain complete destruction of contami- 
nants at the site [11]. 



CONCLUSION 

The need to remove organic contaminants from 
groundwater, either to insure safety of the groundwater 
resource or to remediate an underground wastewater 
problem, has become a widespread concern of the CPI. 
Adsorption with granular activated carbon is a widely ac- 
cepted technology for removal of these contaminants, and 
normally should be an integral part of an investigation of 
treatment alternatives. 



Both a historical data base for screening the applica- 
bility of GAC and evaluative techniques to determine the 
economics o.f treatment exist to establish the cost effec- 
tiveness of adsorption. The procedure presented here 
will hopefully be helpful as a point of reference to. evalu- 
ate other treatment technologies and as a planning tech- 
nique for the employment of activated carbon adsorption.- 
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During the last few years much valuable experience has been gained in 
treating water containing organic contaminants with granular. activated carbon. 

There is an Answer to 

Groundwater 

Contamination 



by Robert P. O'Brien and J.L. Fisher 

With increasing regularity, many 
areas of the U.S. are finding the 
groundwater from which they draw 
their potable supplies are contami- 
nated with potentially hazardous or- 
ganic compounds. Industry, govern- 
ment and the public now recognize 
that haphazard and improper waste 
disposal practices in the past,chemical 
spills, and leachates from lagoons and 
dumpsites are major causes of ground- 
water contamination. 

What is not so well known is that 
there is a proven technology which is 
being used more and more to treat and 
purify contaminated groundwater. 

That technology is adsorption with 
granular activated carbon (GAC), and 
a significant amount of operating expe- 
rience has now been obtained. Results 
from 31 operating plants that employ 
granular carbon to remove toxic organ- 
ic compounds from groundwater sup- 
plies are now available in detail. These 
plants have been treating contami- 
nated flows ranging from 5 to 2,250 
gpm, and the knowledge gained from 
running these facilities promises to be 
valuable in implementing future 
groundwater strategies and treatment. 

The causes of the groundwater con 



Aquifer 
Contaminated By 



Occurrences 



Leachate from lagoons or 

dumpsites 
Industrial accidents (chemical 

spills, tank leaks) 
Chemical spills due to railroad 
.-. or truck accidents 



Total 



22 

_5 
31 



Primary Reason for 

Treating Groundwater Occurrences 

Clean-up of aquifer (with purge wells) 

to prevent spread of contamination 15 

Plant process water use 4 

Potable use 12 

Total 31 



lamination at the 31 different sites for 
which Calgon Carbon Corporation 
provided carbon adsorption equip- 
ment and adsorption technology were 
classified three ways: Ieachate from 
lagoons and dumpsites; industrial acci- 
dents and spills; and spills resulting 
from railroad or truck accidents. In- 
dustrial accidents accounted for 22 out 
of the 31 sources (Table 1). 

As these sources of contamination 
are different, so too are the reasons for 
groundwater treatment. The same ta- 
ble shows that in 15 of the 31 cases, 
carbon treatment was applied to pre- 
vent the spread of contamination 
throughout an aquifer. This was ac- 
complished by drilling purge wells 
around the site of a spill or accident. 
These wells were pumped at a set rate 



to create a cone of depression and pre- 
vent further migration or spread of the 
organic contaminants. Granular car- 
bon systems were used to treat water 
from the purge wells prior to discharge 
to a receiving stream, re-injection to 
the well field, or reuse. 

A further twelve carbon systems 
were used for. the purification of pota- 
ble water, and the remaining four 
were operated for the decontamina- 
tion of plant process water. Since the 
wells already existed in these situa- 
tions, granular carbon systems, de- 
signed for pressure operation, were 
easily added to well discharge lines. 

Data available from these treatment 
systems clearly show the ability of 
GAC to remove a wide range of organ - 



Carbon 

Influent' Effluent* 

Organic Compounds Number of Concentration Concentration 

in Groundwater Occurrences Range Achieved 

Carbon tetrachloride 4 130ug/M0 mg/l <1 ug/l 

Chloroform 5 20 ug/l-3.4 mg/l <1 ug/l 

Dibromoch loropropane 1 2-5 mg/l <1 ug/l 

ODD 1 1 "Q/l <-05 ug/l 

DOE 1 1 "Q./I <0.05 ug/l 

DDT 1 ■* "S'l <0.O5 ug/l 

OS-1.2-dichloroethylene 8 5 ug/l-4 mg/l <1 ug/l 

Dichloropentadierie 1 450 ug/l <10ug/l 

Disopropyi ether 2 20-34 ug/l <1 ug/l 

Tertiary methyi-butytether 1 33 ug/l <5.0ug/l 

DSsopropyl methyl phosphonate 1 1.250 ug/l <50ug/l 

1,3-aTcNoropropene 1 10ug/l <1 ug/l 

DicrUorethyl ether 1 1.1 mg/l <1 ug/l 

Dicrrtoroisopropytether 1 0.8 mg/l <1 ug/l 

Benzene 2 0.4-11 mg/l <1 ug/l 

Acetone 1 10-100 ug/l <10ug/l 

Ethyl acrylate 1 200 mg/l <1 mg/l 

Trichlorotrifioroethane 1 6 mg/l <10ug/l 

Methylene chloride 2 1-21 mg/l <100ug/l 

Phenol 2 63 mg/l <100ug/l 

OrtrxxSilorophenol 1 100 mg/l <1 mg/l 

Tetrachloroethylene 10 5 ug/l-70 mg/l <1 ug/l 

Trichloroethytene 15 5ug/H6mg/l <1 ug/l 

1, i, 1-trchloroethane 6 60 ug/l-25 mg/l <1 ug/l 

vinyiidieoe chloride 2 5 ug/W mg/l <1 ug/l 

Toluene 1 5-7 mg/l <10ug/l 

Xylenes 3 0.2-10 mg/l < 10 ug/l 

'Analyses conducted by Calgon Carbon Corporation conformed to published U.S.EPA proto- 
col methods. Tests in the Held were conducted using available analytical methods. 
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Figure 1. Carbon adsorbers in series op- 
eration (top); carbon adsorbers in paral- 
lel, single fixed bed operation (below). 




GAC adsorbers destined to treat a municipal water supply are installed at an Acton, 
Massachusetts site, one of the 31 applications reviewed in this article. 
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ic compounds. Table 2 (page 30) lists 
the organic compounds found in the 
groundwater supplies along with their 
influent and effluent concentrations 
before and after treatment. Even 
though the type and concentration of 
the organics varied from location to 
location, the GAC process consistently 
reduced them to levels below detecta- 
ble limits. Thus, all 31 operating sys- 
tems demonstrated that a properly de- 
signed granular carbon system can 
produce very high-quality water from 
a contaminated groundwater supply. 

Trichloroethylene and tetrachloroe- 
thylene were the most frequently de- 
tected compounds at the treatment 
sites. They are used extensively in 
industry as metal degreasers, drying 
agents and extraction solvents. 

A few of the aquifers had extremely 
high levels of contamination, with an 
organic total above 100 mg/1 (parts per 
million, ppm). However, most ground- 
water applications call for the removal 
of contaminants with concentrations in 
the low mg/1 or lower still in the ug/1 
(parts per billion, ppb) range. The abil- 
ity of GAC to effectively remove low as 
well as high concentrations of organics 
is an important consideration. 

Having designed and operated over 
250 fixed bed units, in both series and 
parallel configuration, and over 150 
moving bed units, our experience with 
both types of adsorption systems has 
demonstrated that a downflow fixed 
bed is more cost-effective than a 
pulsed bed for groundwater treatment. 
This is especially true in those applica- 
tions where the carbon usage rate is 
nominal and the adsorption wavefront 



is short (e.g. 2 to 3 ft vs. 30 to 40 ft in 
some process applications). In fact, a 
properly designed fixed bed can oper- 
ate with the same carbon usage rate as 
a pulsed bed, yet costs less to build. 

Each adsorber at the treatment sites 
had a capacity of 20.000 lb, or a full 
truckload, of granular carbon. The size 
of the units allowed the carbon to be 
handled in bulk, which reduced 
freight. Each adsorber also contained a 
proven underdrain system comprising 
a pipe lateral network with nozzles. 

Spent or exhausted carbon was al- 
ways removed when organics were de- 
tected in the system effluent. Carbon 
removal was accomplished by using 
air pressure for automatic transfer out 
of an adsorber unit as a slurry. The 
slurry was piped to a waiting truck 
which returned the carbon to a reacti- 
vation center. The entire transfer pro- 
cedure was accomplished in a closed 
system with no worker exposure to the 
carbon. 

At 22 of the 31 sites, treatment of 
groundwater prior to carbon adsorp- 
tion was not required. These contami- 
nated groundwater supplies were sta- 
ble and contained low concentrations 
of suspended solids which could be 
removed in the carbon bed without 
impeding adsorption or creating a high 
pressure drop. Thus pH adjustment, 
prefiltration or backwashing of the 
carbon adsorbers wasnot necessary: 
The hydraulic surface loading ranged 
from 0.25 to 9.6 gpm sq/ ft. 

Seven of the locations employed 
multi-media filtration ahead of carbon 
adsorption as a safety factor because 
the quality of the contaminated water 



(as possibly affected by suspended sol- 
ids) was not initially known. The hy- 
draulic surface loading at these loca- 
tions ranged from 1.0 to 4.5 gpm sq/ft. 

At three sites, air stripping was used 
before carbon adsorption. The purpose 
of this was to reduce the levels of vola- 
tile organic contaminants and allow 
the carbon adsorption system to act as 
a final polishing unit. 

Also, at six sites the treatment sys- 
tem design included backwashing of 
the adsorption beds. This feature was 
incorporated either due to high surface 
loading rates of 5.7 to 9.6 gpm sq/ft, or 
for solids removal in certain potable 
projects. 

One of the most critical design pa- 
rameters for any adsorption sys- 
tem is contact time. This is the length 
of time that the contaminated water is 
in intimate contact with the activated 
carbon. Increasing the depth of carbon 
for a fixed flow rate or decreasing the 
flow rate for a fixed depth of carbon 
both serve to increase contact time. 

This important design parameter is 
generally expressed as superficial con- 
tact time, or the volume occupied by 
the activated carbon divided by the 
water flow rate. The real contact time 
is approximately one-half the superfi- 
cial. Generally a superficial contact 
time of 7.5 min. is adequate for treating 
water that exhibits taste and odor 
problems. Longer times, however, are 
usually required as the types of organic 
compounds in groundwater increase in 
number and concentration, and ap- 
proach the mg/1 range. 
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Figure 2. Range of carbon contact times 
for groundwater treatment projects ( mg/ 
I levels). 
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Figure 3. Range of carbon contact times 
for groundwater treatment projects (ug/l 
levels. ) 
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Rgure 4. Range of carbon usage for 
groundwater treatment projects (mg/l 
levels). 
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Figure 5. Range of carbon usage for 
groundwater treatment projects (ug/l 
levels. ) 



To improve carbon efficiency where 
longer contact times are required, two 
adsorbers are usually connected in se- 
ries (Fig. 1, page 33). When the effluent 
from the second, or polishing, bed 
begins to approach the desired objec- 
tive, just -the first, or lead, bed is 
removed from service. Removing Only 
completely exhausted carbon jn this 
' manner assures maximum carbon effi- 
ciency: When placed back on-srream, 
the second bed becomes the lead and a 
fresh bed of carbon assumes the pol- 
ishing position. 

Operating conditions and results for 
those systems treating groundwater 
with organic contaminants at mg/l lev- 
els are displayed in Table 3 (page 34). 
Of these 19 systems, 16 employed two 
or more beds in series. Successful 
treatment was accomplished with total 
superficial contact time as low as 16 
min. 

Similarly, Table 4 (page 34) shows 
the results for those systems treating 
groundwater with organic contami- 
nants at the ug/l levels. Of these 12 
systems, four had two or more beds 
operated in series and eight had one or 
more beds in a parallel mode. Success- 
ful treatment was accomplished for 
these systems with total superficial 
contact time as low as 12 min. 

Figures 2 and 3 depict the range of 
contact times used in the projects as a 
function of percent occurrence. Fig. 2 
reveals that almost 53 percent of the 
systems treating mg/l levels of contam- 
inants employed a contact time equal 
to or less than 58 min. In the same 
manner, Fig. 3 shows that over 58 per- 
cent of those processing ug/l levels of 
contaminants used a contact time 
equal to or less than 30 min. 

Single fixed beds arranged in the 
parallel mode were installed at the 
majority of the sites where influent 
contamination was at ug/l levels, be- 
cause of the lower contact time re- 
quirements. The single fixed bed de- 
sign provided the advantages of a sim- 
ple piping network, savings in capital 
dollars and short installation time. This 
latter advantage was very important in 
dealing with emergency situations. 

Contact times listed in Tables 3 and 
4 were the actual times used at the 
sites, but they should not be construed 
as the optimum contact time for re- 
moving the particular organic com- 
pounds listed. In responding to emer- 
gencies such as spills, standard, readily 
available adsorption equipment was 
used. Response time and assured per- 
formance took precedence over the 
optimization of contact time in these 
situations. Thus the contact times used 
at some sites could have actually pro- 
vided a substantial margin of safety. A 
minimum of 12-15 min. contact time is 
normally recommended for treatment 
of contaminated groundwater. 



Virgin or reactivated carbon was 
used for all of these projects. Virgin 
carbon (Filtrasorb 300) wasused on the 
13 projects where the treated effluent 
was used for potable purposes. Reacti- 
vated, carbon was used at the remain- 
ing 18 sites where the effluent was 
either, discharged into a receiving 
stream or re-injected into the related 
well field. 

Activated carbon for organic waste- 
water treatment can be used on a 
throw-away basis, reactivated on-site 
or transported for reactivation off-site. 
Use of carbon on a throw-away basis 
can be considered for potable water 
projects where carbon life is measured 
in years. On-site reactivation is com- 
mon on permanent projects where the 
carbon requirements are large. Most of 
the carbon used at the 31 treatment 
sites under study was returned to the 
company's reactivation facilities. This 
approach provides both economical 
carbon reuse and the total destruction 
of the organic compounds adsorbed on 
the carbon. 

As Table 3 shows, the carbon con- 
sumption rates for the contaminant 
concentrations in the mg/l range var- 
ied from 0.45 lb of carbon per 1,000 gal 
to 13.3 lb of carbon per 1.000 gal. The 
contaminant concentration varied 
from 2.0 mg/l to 200 mg/l of organics. 

Predictably, the carbon use rate was 
lower at those sites where the organic 
contaminants were at the ug/l levels 
(Table 4). Carbon consumption varied 
from 0.1 lb of carbon per 1,000 gal to a 
high of 7.7 lb of carbon per 1,000 gal. 

The range of carbon consumption 
rates as a function of percent occur- 
rence are exhibited in Figures 4 and 5. 
The former shows that almost 53 per- 
cent of the systems handling mg/ 1 lev- 
els of contaminants used less than 1.54 
lb of virgin carbon for every 1,000 gal 
of treated water (the median carbon 
dosage). Figure 5 indicates that 50 per- 
cent of those treating ug/l levels of 
contaminants used less than 0.35 lb of 
virgin carbon per 1,000 gal. of water. 

Operating costs associated with 
granular activated carbon treat- 
ment is dependent on a number of fac- 
tors. These include flow rates, concen- 
tration and type of organics, type of 
application (potable or other), site re- 
quirements, timing requirements, and 
length of the processing project. These 
factors together can define equipment, 
carbon and reactivation needs. Gener- 
alizations about costs can be difficult 
when comparing a variety of applica- 
tions, but some observations can be 
made. 

As expected, the operating cost for 
GAC treatment was lower in the case 
of those projects with lower average 
influent levels of contaminants. Treat- 
ment costs for the situations shown in 
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Table 3 
Influent Contaminants at mg/I Levels . 
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Table 4 
-Influent Contaminants at ug/l Levels 
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Table 4 (ug/1 influent)- which were 
installed on a permanent basis range 
from' approximately $0.22/1,000 gal to . 
$0.55/1,000 gal. Operating costs of the 
facilities covered in Table 3 (mg/1 
influent) arid installed on a permanent 
basis ranged from $0.45/1,000 gal to 
$2.52/1,000 gal. Figure 6 displays all of 
these costs in simple graphic form. The 
level of contamination was reduced to 
less than detectable levels in each pro- 
ject. 

The cost figures listed for the 31 
cases include allowances for all the 



necessary equipment installation costs, 

and the supply of: granular carbon as 

required. Cost of treatment with gran- 

. ular carbon is well within the range of 
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Figure 6. Granular carbon operating costs 
for groundwater treatment. 
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conventional .treatment processes. • 
Coupled with the fact that GAC can 
remove a wide range of toxic organics, 
this data helps show that the granular 
carbon approach is a cost-effective an-'. 
swerlp the recovery and reuse of con- 
taminated groundwater. 

Based on .these and other. experi- 
ences in the treatment of industrial 
and municipal wastewaters with gran- 
ular carbon, the following observa- 
tions should be considered in the oper- 
ation of a groundwater contaminant 
removal system. 

• Some well water supplies could 
possibly have a high pH and be unsta- 
ble with respect to the precipitation of 
calcium salts. pH adjustment of the 
water, or feeding of a scale inhibitor, 
may be necessary to prevent precipita- 
tion in the lines or carbon adsorbers. 

• A monitoring program of the car- 
bon system effluent needs to be estab- 
lished, with trace organic analyses per- 
formed on a scheduled basis in order 
to change the granular carbon at the 
optimum time. 

• Chlorination should follow car- 
bon treatment in those systems where 
the well water is being used for pota- 
ble purposes. 

In the future, the use of proper haz- 
ardous waste disposal techniques 
will help ensure the preservation of 
underground water resources. Howev- 
er, the operating results in these full- 
scale plants have demonstrated that 
granular activated carbon is an effec- 
tive and efficient treatment process for 
removing organic compounds from 
groundwater supplies that have al- 
ready become contaminated. 

The 31 treatment systems studied 
and documented have shown that 
granular activated carbon treatment: 

• Reduces a wide range of organic 
compounds to levels below their de- 
tection limits. 

• Has been accomplished at re- 
mote locations without pre-filtration or 
backwashing of the carbon beds. 

• Has been an effective adsorption 
process with total superficial contact 
times as low as 12 min. 

• Has achieved carbon usage rates 
as low as 0.1 lb of carbon per 1,000 gal 
of water treated. 

e Can provide a source of high- 
quality water at a total operating cost 
as low as $0.22/1,000 gal. 
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SITE IDENTIFICATION: 

Potable Groundwater Treatment Systems 
Del Este Water Company 
Modesto, California 



SITE DESCRIPTION: 

In July of 1989, the California Department of Health Services (DOHS) 
lowered the drinking vater standard for Dibromochloropropane (DBCP) from 
1.0 ppb to 0.2 ppb. As a result of the lowered standard, the Del' Este 
Water Company shut down and removed from service seven production veils. 

Faced with the potential of increased water demand in the summer of 
1990, Del Este applied and received an amended operating permit to allow 
use of wells that did not meet the new standard. The permit specified 
the order in which the wells would be returned to service. Also as part 
of the permit, Del Este agreed to a timetable for installing well-head 
treatment systems. 

Although Del Este had no intention of using the wells exceeding the new 
DBCP standards except during severe situations, adverse publicity over 
the amended permit caused them to accelerate plans for well-head 
treatment. 

Del Este had already determined that alternatives such as drilling new 
wells or deepening old wells were unacceptable, and that well-head 
treatment with carbon adsorption was the most viable and cost-effective 
approach. Del Este Water Company, being a privately-owned utility, also 
decided that the best procedure was to prequalify and work closely with 
a single supplier. This qualification was based on background, 
capability, system quality and based upon events-response capability. 

In January 1990, Del Este began to work with Calgon Carbon in developing 
proposal for and delivery of treatment system. Application of Calgon 
Carbon's pre-engineered, proven treatment systems facilitated both 
installation and offered substantive cost savings. Most of the 
treatment systems would be installed at a total cost of about $200,000 
to Del Este, including all site work and connections. 

A purchase order was issued to Calgon Carbon in early March for seven 
systems (five of which were to be delivered within 30 days, and two 
within 60 days). All seven well sites were returned to operation in 
June of 1990, meeting all DOHS water quality standards. Subsequently, 
an eighth treatment system was installed in Spring of 1991. 
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SITE IDENTIFICATION: 

Potable Groundwater Treatment Systems 
Del Este Water Company 
Modesto, California 



SYSTEM DESIGN PARAMETERS: 
System Design: 

Adsorber Size: 

Adsorber Rating: 
GAC Amount & Type: 

Flow: 
Contact Time: 

Contaminants: 

Performance: 
GAC Usage Rate: 

Reference: 



(basis - individual well) 

Two (2) adsorbers; series or parallel operation, 
normally operated in parallel 

10-foot diameter x 14-foot straight side 
(backwashable) 

ASME Code 125 psig at 150°F 

20,000 pounds Calgon Carbon Filtrasorb 300 
per adsorber 

1000-1500 gpm per well 

9-6 minutes 

(empty bed or "EBCT" basis) 

Up to 1.4 ppb DBCP 

(most wells 0.5-0.8 ppb DBCP) 

DBCP less than 0.02 ppb (or ND) 

0.04-0.08 lb GAC/ 1000 gallons 

(estimated range based on contaminant, flow) 

Mr. Ken Ward 
Production Manager 
Del Este Water Company 
430 Tenth Street 
Modesto, CA 95353 
(209) 522-1073 



CALGON CARBON CORPORATION REPORTED 

EXPERIENCE REFERENCE OCTOBER, 1989 

SITE IDENTIFICATION: 

Temporary Granular Activated Carbon Water Treatment System 
City of St. Anthony 
St. Anthony, Minnesota 

SITE DESCRIPTION: 

In 1988, Calgon Carbon Corporation provided a complete 
adsorption system to treat contaminated potable 
groundwater for the City of St. Anthony. The system was 
provided to St. Anthony on a temporary basis, to operate 
for an expected 500 days, or until a permanent treatment 
facility could be installed and operational. 

The system consisted of 4 adsorbers to be operated in 
parallel. The system was designed to treat up to 2,400 
gpm at a total system pressure drop of less than 15 psig. 
The adsorption system was to reduce volatile organic 
compounds (VOCs) in the influent, consisting of 1,2 
dichloroethylene, trichloroethylene and other chlorinated 
aliphatics, from levels of up to 35 ug/1 to less than 1 
ug/1. 

The treatment system consisted of ASME coded, 75 psig 
lined steel adsorbers, all steel piping with butterfly 
valves for flow control, and all other auxiliary piping 
and instruments to comprise a complete treatment system. 
Calgon Carbon Corporation was responsible for the 
installation of the adsorption system including initial 
fill of 80,000 lb. GAC and start-up of system. 

In early 1988, upon finding VOC contamination in the 
potable groundwater, St. Anthony contracted with Rieke 
Carroll Muller Associates (RCM) of Minnetonka, Minnesota 
to develop a specification for a temporary treatment 
system. This specification called for suppliers to bid on 
installation, service fee and tear down for the temporary 
equipment, as well as a fee for each pound of VOC removed 
by the system. 

Calgon Carbon bid the treatment service on May 18th and 
was awarded the contract on June 3. In approximately 30 
days, as required by the contract, the treatment system 
was installed, filled with GAC and ready for operation. 

The system operated until June 20, 1989 when contaminants 
were detected at 0.2 ug/1. At this time, the treatment 
system had treated 536 million gallons, for a carbon 
usage of 0.15 lb/1000 gallons. 
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The temporary treatment system is expected to remain 
on-line until September 1, 1990, at which time a permanent 
carbon adsorption treatment facility will be installed 
(and operational in 1991). 

In the course of the contract with the City of St. 
Anthony, Calgon Carbon Corporation provided all payment 
and performance bonds, certificates for the labor rates, 
affirmative action and equal opportunity required for 
municipal/government agency "contracts. 



SYSTEM DESIGN PARAMETERS: 
System Design 
Adsorber Size 
GAC Amount & Type 

Flow- 
Contact Time 

Contaminants 

Performance 
GAC Usage Rate 
Reference 



4 Adsorbers, Parallel Operation 

10 ft. diameter x 10 ft. side 

20,000 lb. Calgon Carbon 
Filtrasorb 300 per adsorber 

2400 gpm (600 gpm per adsorber) 

9 minutes 

(empty bed or 'EBCT' basis) 

VOCs (Dichloroethylene, 
trichloroethylene, etc.) 
up to 35 ppb total 

VOCs to less than 1 ppb 

0.14 lbs/1000 gallons, actual 



Mr. Charles S. Barger P.E. 

Project Manager 

Rieke Carroll Muller Assoc. 

10901 Red Circle Drive 

Minnetonka, MN 55343 

612-935-6901 

Mr. Larry Hamer 
City of St. Anthony 
3301 Silver Lake Road 
St. Anthony, MN 55418 
612-789-8881 



Inc. 



Water Treatment 



The Cost of Acton's GAC Treatment 



Installation cost 

Foundation and sice work 
Piping 

(material only; labor by 

district employees) 
. Crane rental 
Calgon set-up 

(including activated carbon) 
Miscellaneous 

(chemical feeder, alarms, 

fence, etc.) 

Monthly operating cost 

Calgon rental 
Electricity for well pump 
Sampling and testing 



Environmental Quality Engineering and 
the federal EPA, but three private firms 
aiso were employed for the task. At 
least two labs performed analyses on 
samples taken weekly from the influent, 
the effluent from each of the adsorbers, 
and samples from several outlying 
monitoring wells. 

Construction started in May 1982 
and. by June, water from Assabet No. 
1 was pumped through the adsorbers. 
During the first two weeks the system 
was in operation, the effluent was dis- 
charged into the Sinking Pond aquifer. 
After laboratory testing confirmed the 
treated water's purity, approval was 
granted in July 1982 to put Assabet No. 
1 back into the municipal system — after 
ics 3 '/i-year absence. Now, the water is 
fluoridated prior to GAC treatment 
and, after treatment, is chlorinated to a 
0.25 mg/L residual. 

Early tests showed the raw water 
pumped from the well did not contain 
any detectable level of volatile organic 



Total 



Total 



atment 


S 5.500 


20,000; 


1,100 


60,400 


6,400 


S93.400 


S 4,945 


1,800 


2.000 


S 8.745 



contaminants. This was expected, be- 
cause the normal groundwater flow 
pattern in the aquifer under non-pump- 
ing conditions would carry the plume of 
contamination past this well. Pumping, 
however, was expected 10 eventually 
draw contaminated water into the well. 
A second reason for the lack of mea- 
surable contamination was the inter- 
cepting effect of the' pumping of Assa- 
bet No. 2, which was being piped to 
Sinking Pond by the chemical company 
as pan of its pumping test of the aqui- 
fer. 

After one month of pumping, the 
first chlorinated hydrocarbons were de- 
tected in the raw water. The two pri- 
mary contaminants were 1.1,1 trichlo- 
roethanc and 1,1 dichloroethylene. 
Contaminant concentrations continued 
to increase for the testing duration, 
reaching a level in excess of 150 pans 
per billion. 

Contamination levels exceeding the 



water district's standard of 5.0 parts per 
billion for tocal volatile organics were 
not measured in the effluent from the 
first adsorber until after 27 weeks of 
continuous use. During this period, the. 
GAC in the adsorber had treated a toi 
of 88 million gallons of water.- 

The average influent concentrations 
of trichloroethane and dichloroethylene 
were 40 pans per billion and 1_5 parts - 
per billion, respectively. Under these 
conditions, carbon usage at the pilot 
plant was 0-34 pounds per 1,000 gallons 
of treated water. 

Final treatment costs cannot be es- 
tablished until the raw water quality 
stabilizes. Factors affecting the cost of 
treating water with GAC include the 
types and concentrations of contami- 
nants in the influent, the flow rate, and 
the effluent criteria. 

This pilot plant demonstrated GAC 
could effectively remove contaminants 
in the concentrations found in the Sink- 
ing Pond aquifer. 

Yet, raw water contamination levels 
continued to increase. The district eval- 
uated air stripping in packed cowers as 
a pretrearment to extend che life of the 
GAC. In early 1983, che district voted 
to make a carbon installation perma- 
nent, and to develop and install an aer- 
ation system. In addition, the district 
appropriated 511,000 to purchase a 
portable gas chromatograph. This in- 
strument will augment the present sam 
piing program and monitor water qua! 
iry at other wells. 

Acton's approach to combat contam- 
ination and manage groundwater re- 
sources is a model for communities fac- 
ing similar problems. Until now, finan- 
cial considerations usually prompted 
municipalities to seek alternative water 
sources instead of treating contami- 
nated existing supplies. Acton's experi- 
ence has demonstrated that treating wa- 
ter contaminated by volatile organics is 
an economical and viable procedure. C 



John E. MacLeod is district manager of 
the Acton Water District. George R. Al- 
lan is vice president of the consulting firm 
of Dufresne Henry. Inc. 
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SOTTOUC COTJNTY HATER 71PTB0RITY, OAXDALE, LOKG ISLAND, SEW TORK 

The water authority has' a lengthy reliance on well water. In recant tine many: 
wells have become contaminated with agricultural chemicals/ petrochemicals and' 
chlorinated solvents.' Until 1988, the water -authority's, experience : us'ing 
granular activated carbon treatment was limited. Small carbon units had been 
placed at individual homes to remove agricultural chemicals such as Temik and 
Aldicarb. Larger granular activated carbon adsorption units had been installed 
at the Dix Hills, Southold and Greenport wells. 

In 1985, Calgon Carbon Corporation provided a single adsorber activated carbon 
system at the Oakdale well. Starting in 1988, the Water Authority began 
consolidating their- treatment program anticipating the January, 1989, New York 
State standards. The' Authority issued a request, for bids for 125 psig paired 
adsorbers with the capability to operate pairs in series (700 gpm @ 15 minute 
.contact time) or parallel flow (1,000 gpm @ 10 minutes contact time), each 
adsorber 10 foot diameter containing 20,000 pounds of Filtrasorb 300 granular 
activated carbon. 

Well contaminants were primarily chlorinated solvents being less than 20 ppb 
(max) and the effluent treatment' requirements were established at less than 5 
ppb of VOC's. ' The April 4, 1988 bid date found Calgon Carbon Corporation as 
the" responsive, qualified bidder and the corporation was awarded a contract to 
supply five (.5) dual adsorption systems. With the satisfactory performance of 
this phase of the project completed, the Suffolk County Water Authority placed 
an order in August, 1988 for an additional 33 dual adsorption systems- Seme of 
the contaminated well locations required the installation of two adsorption 
systems to treat 2,000 gpm. At this point in time, the Suffolk County Water 
Authority became Calgon Carbon Corporation's largest single customer of 
adsorption equipment. " 

A third phase to the project" was implemented adding 20 additional dual 
adsorption systems increasing the project requirements to 58 dual adsorption 
systems with each system sized to treat 1,000 gpm. Most sites experience a 
carbon use -rate of < 0.04#/l,000 gallons allowing a one year bed life. 

Suffolk County renewed the supply contract with Calgon Carbon Corporation 
which included carbon exchange services. In 1990, the contract was rebid and 
once again Calgon Carbon Corporation was the successful bidder. 

CONTACT: Mr. Ed J. Rosavitch, P.S., Chief Engineer, Suffolk County Water 
Authority, Sunrise Highway at Pond Road, Oakdale, New York, 11769, 516-589- 
5200. 
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Table 5 

CASE STUDIES 



TREATING GROUNDWATER TOR POTABLE MATER USE 

INFLUENT CONTAMINANTS AT Jig/1 LEVELS 

CARBON i CALGOH flLTRASORB 300 (VIRGIN GRADE) 



Systea 
No. 


ContAMlnanta 


Typical 
Influent 
Cona. 
(ug/1) 


Typical 

Effluent 

Oono. 

IH9W 


Surface 
Loading 

(gpm/ft. 2 ) 


Total 
Contact 
Time 
(Kin.) 


Carbon 
Usage 
Rata 
(lb./lOOO Oal.) 


Operating 
Mode 






1 


1,1, 1-Trlchloroe thane 

Trichloroethylene 

Tatrachlorathylana 


143 

8.4 
26 


< l 

< l 

< l 


4.5 


15 


0.4 


Single 
Fixed Bed 


2 


Methyl T-iutyl Ether 
Dl-Iaopropyl Ether 


30 
35 


< 5 

< 1 


5.7 


12 


0.62 


2 - single 
rlxed B«da 


3 


Chlorofor* 
Trichloroethylene 


400 
10 


• 100 
< 1 


2.5 


26 


1.19 


4 - Single 
rlxed Beds 


4 


Trichloroethylene 
Tetrachloroethylene 


35 
170 


< 1 

< 1 


3.3 


21 


0.21 


3 - Blngla 
rixad Bada 


S 


1,1, 1-Trichlorethajie 
1 , 1-Dichloroethy lene 


70 
10 


< 1 

< 1 


4.5 


, 3° 


0.45 


Two Fixed 
Bada in Serlea 


e 


Trlchlore thy lene 

Cla-1 , 2-Dlchloroethylane 


25 
15 


< 1 

< 1 


2.0 


35 


0.32 


Single 
rixad Bad 


7 


Trlchlorathylana 


50 


< 1 


1.6 


42 


0.38 


2 - Single 
rlxed Bada 


e 


Cla-1, 2-Dlohloro«thylana 

Trlchloroathylena 

Tetrachloroethylene 


S 

5 

10 


< I 

< 1 

< 1 


1.91 


70 


0.25 


• Two rlxed • 
Beds in Series 



Source i "There is an Answer to Groundwater 
Contamination" by Robert O'Brien 
and J. L. Flaheri Hater/Engineering 
6 Management, May, 19B3. 



GRANULAR ACTIVATED CARBON ADSORPTION FOR 
VOC REMOVAL FROM DRINKING WATER SUPPLIES 

Mark H. Stenzel 
Marketing Manager 

James L. Fisher 
Marketing Manager 

Calgon Carbon Corporation 
Pittsburgh, FA 15230 

INTRODUCTION • 

The recent amendments to' the' Safe Drinking water Act 
(SDWA) have generated increased interest in evaluating a 
number of different technologies for the removal of 
Volatile Organic Contaminants {VOCs) from drinking water 
supplies. Since 197 4, the EPA has generated Maximum 
Contaminant Levels (HCLs) for 26 contaminants, but the new 
amendments have called for accelerated regulation by 
requiring development of HCLs for 83 specific 
contaminants. Many of these contaminants are VOCs which 
have been discovered in groundwater sources for drinking 
water supplies. Of immediate concern are the 8 VOCs that 
are set for regulation in 1987, shown with their proposed 
MCLs in Table 1 (1). 

The use ' of granular activated carbon {GAC) to remove 
organic contaminants by adsorption on the large internal 
surface area of the activated carbon granule has long been 
a proven and established technology. Over 150 public 
drinking water systems already have experience with GAC in 
the removal of taste and odor causing organic compounds in 
the* united States and over 200 in Europe (2). Many 
industrial plants have also used GAC for the removal of 
specific organic compounds from water, wastewater and 
chemical products. Recently, GAC has been used to remove 
specific VOCs from groundwater or contaminated water 
resulting from accidental spills (3). 

The success of GAC in removing organic contaminants from 
water has resulted in the amendment to the SDWA 
establishing GAC as the "yardstick" by which other- 
treatment technologies are to be evaluated in the control 
of synthetic organic chemicals (4). Other treatment 
techniques must be at least as effective as GAC in order 
to be considered viable. Although often perceived as an 
expensive treatment technology, GAC can often be the most 
cost-effective solution to the problem at hand. What is 
needed is a reliable method to evaluate the applicability 
of adsorption and to estimate the cost to the water system 
operator. 

This paper will present a methodology by which GAC can be 
evaluated, starting with isotherms for preliminary 
evaluation and continuing on to parameters for system 
design. The design of the GAC system will provide capital 
expenditure guidelines, while the evaluation procedure 
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should provide a good estimate of the. ongoing operating 
costs. 

PRELIMINARY EVALUATION: ISOTHERM TESTING 

The liquid phase adsorption isotherm test is the basic 
preliminary evaluation technique for activated carbon 
treatment. The adsorption isotherm is a.' batch test 
designed to determine the equilibrium relationship between 
the contaminant in the liquid/ measured as concentration, 
and the contaminant adsorbed on the activated carbon, 
expressed as carbon capacity or weight of contaminant per 
unit weight of activated carbon. 

The application of the isotherm test to evaluate 
adsorption of VOCs has historically resulted in unreliable 
and disparate data. In response to the need for reliable 
evaluation data, an isotherm procedure has been developed 
which minimises analytical errors and more accurately 
predicts adsorption capacity of GAC for VOCs. This 
procedure includes handling samples while allowing no head 
space/ using relatively large quantities of powdered 
activated carbon to minimize weighing errors, and using 
relatively large initial concentrations of VOCs to 
minimize analytical errors and provide reliable data 
points at the higher concentrations to better fix the 
isotherm plot. 

The isotherm test conditions are summarized in Figure 1. 
The activated carbon used is Calgon Carbon's Filtrasorb 
300, a bituminous coal-based activated carbon with a high 
surface area (1000 m /gm) and Iodine Number (typically 
970). The activated carbon is pulverized to -325 mesh to 
eliminate the diffusion rate as a factor. The water 
samples consist of reagent grade chemicals added to 
purified water. As shown in Figure 1, the activated 
carbon dosages result in the development of low level VOC 
equilibrium concentrations which are useful for 
evaluation. The sealed flasks are agitated for a minimum 
of 20 hours to assure equilibrium. The contents are then 
pressure filtered through 0.45 micron filter pads, with 
the filtrates analyzed by gas chromatography using the 
purge and trap technique with the amount of the compound 
retained on the activated carbon calculated by difference. 

In 1984, results from single component isotherms of five 
of the more common chlorinated solvents were presented 
(5). single component isotherms from eight more VOCs have 
been conducted to expand this data base. It is most 
important to note that when comparing the relative 
adsorbability of one compound to another, and especially 
when adding consideration of concentration effects, that 
the testing protocol be consistent. Therefore, it is 
anticipated that this data base of isotherm tests will be 
useful in determining effects of contaminant and 
concentration changes possible in long term groundwater 
treatment. 

All thirteen isotherms are presented here for reference. 
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Figure 2 shows the results of isotherms for seven of the 
VOCs due for regulation in 1967- The eighth VQC, vinyl 
chloride, is normally a gas at ambient temperature, and 
has a very low capacity on GAC in liquid phase adsorption. 
Investigations into the removal of vinyl chloride by 
activated carbon have reported poor capacities. ■ However, 
vinyl chloride removal . by aeration has produced good 
removal efficiencies <7). The isotherm results, for 
p-dichlorobenzene are from earlier test results using less 
agitation time, but p-dichlorobenzene is well adsorbed by 
activated carbon and the results are consistent with 
recent tests. 

Figure 3 has grouped the remaining chlorinated and 
brominated aliphatic solvents ' and Figure 4 the aromatic 
and chlorinated aromatic solvents- The isotherms point 
out characteristics useful for considering adsorption of 
other compounds; i.e., that the capacity of activated 
carbon for the contaminant increases with concentration, 
molecular weight and decreasing solubility of the 
contaminant. 

Isotherms are useful in identifying whether a compound is 
amenable to adsorption by activated carbon. The test 
indicates the theoretical capacity for these contaminants 
by GAC, which as will be shown later, allows the 
development of estimates of carbon usage rates for cases 
where a single contaminant predominates. Care must be 
taken in using these single component isotherms when the 
contamination involves a mixture of adsorbable compounds. 
Although these isotherms might allow for preliminary 
estimates" of activated carbon usage rates, additional 
testing would be warranted to establish more reliable 
carbon usage rates. Finally, background organic 
contaminants, usually more prevalent in surface water than 
groundwater, may cause reduced capacity. Isotherms 
performed on a specific water according to these 
procedures would provide for good comparison to these 
single component isotherms and a basis for estimating GAC 
usage rates. 

After a column study is performed or actual operating data 
is -obtained, isotherms are useful in evaluating effects of 
concentration or contaminant change. A relationship can 
be established between the actual usage rate and the 
equilibrium data of the isotherm, and changes in usage 
rate can be predicted using the isotherms as reference 
points. 

ADVANCED EVALUATION: ACCELERATED COLUMN TESTING 

The effect of short contact times experienced in actual 
operation and the accurate prediction of activated carbon 
usage rates is normally obtained in the scaled column 
study. The accepted test method for the column study has 
been to use the GAC in columns sized from 1 to 4 inches in 
diameter, and with selection of surface loading rates and 
media depth, obtain the desired empty bed contact times in 
single or multiple columns^ The low usage rates expected 
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in groundwater treatment to remove low levels of VOCs 
often make a directly scaled study infeasible due to the 
time and analytical expense involved. 

Several researchers have explored the possibility of small, 
rapid column tests (6). The basic principle is to use 
smaller size granules of the same activated carbon, but 
with high surface loading rates and short contact times. 
Using mathematical models of basic adsorption kinetics, 
these: rapid column tests can then be used to predict full 
size system performance. Calgon Carbon Corporation has 
developed a high pressure mini-column technique, the 
Accelerated Column Test (ACT), which uses 50 mg of 
Filtrasorb 300 grade GAC that has been sized to less than 
100 mesh in a column with an internal diameter of 1.94 mm 
(7). The ACT procedure has been tested in comparison with 
one inch diameter column studies and existing full scale 
systems with the results showing a high degree of 
correlation (8). 

The ACT can be used, as mentioned previously, to model the 
performance of a particular system in order to fix contact 
times and predict usage rates and breakthrough 
characteristics. Historical act data can also be used to 
predict performance on potential applications. In this 
procedure, ACT data can be compared to isotherm data to 
determine how much of the theoretical capacity can be 
realized under dynamic conditions. As when comparing 

isotherm results, these act's need to be performed under 
similar conditions with the same mathematical scale-up 
model to assure consistency. 

PREDICTION OF USAGE RATES WITH ACT AND ISOTHERM DATA 

We have performed numerous ACT studies on waters 
contaminated with low levels of VOCs. These studies can 
be reviewed to determine how much of the equilibrium 
capacity identified in the isotherm test can be realized 
in an operating system. 

Table 2 shows the results of acts run on actual and 
synthetic groundwater ' samples containing essentially a 
single VOC Both the synthetic and actual samples used 

waters with low (<0.S ppm TOO background of organic 
compounds. These tests show that operating systems with 

short contact times can generally obtain 45-55% of the 
theoretical capacity of the activated carbon at 
breakthrough of the contaminant. Besides indicating that 
a predictable amount of capacity can be obtained, these 
tests indicate a relatively short adsorption zone in the 
bed, and that upon breakthrough little adsorptive capacity 
remains. Results of this testing suggests that contact 

times of 12-15 minutes be used to optimize activated 
carbon usage and that single stage adsorption systems be 
employed to minimize capital costs in designing systems to 
remove low levels of VOCS- 

Table 3 shows results of ACTs run on actual groundwaters 
including results from other commonly encountered 



Water Treatment 



The Cost of Acton's GAC Treatment 


Installation cost 




Foundation and site work 


S 5,500 


Piping 

(material only; labor by \ 

district employees) 
Crane rental 


20,000 
1,100 


Calgon set-up 

(including activated carbon) . 
Miscellaneous 


60,400 


(chemical feeder, alarms, 
fence, etc.) 


6,400 


Total 


S93.400 


Monthly operating cost 
Caigon rental 
Electricity for well pump 
Sampling and testing 


S 4,945 
1,800 
2.000 


Total 


S 8,745 



Environmental Quality Engineering and 
the federal EPA, but three private firms 
also were employed for the task. At 
least two labs performed analyses on 
samples taken weekly from the influent, 
the effluent from each of the adsorbers, 
and samples from several outlying 
monitoring wells. 

Construction started in May 1982 
and, by June, water from Assabet No. 
1 was pumped through the adsorbers. 
During the first two weeks the system 
was in operation, the effluent was dis- 
charged into the Sinking Pond aquifer. 
After laboratory testing confirmed the 
treated water's purity, approval was 
granted in July 1982 to put Assabet No. 
1 back into the municipal system — after 
its 3'/i-year absence. Now, the water is 
fluoridated prior to GAC treatment 
and, after treatment, is chlorinated to a 
0.25 mg/L residual. 

Early tests showed the raw water 
pumped from the well did not contain 
any detectable level of volatile organic 



contaminants. This was expected, be- 
cause the normal groundwater flow 
pattern in the aquifer under non-pump- 
ing conditions would carry the plume of 
contamination past this well. Pumping, 
however, was expected to eventually 
draw contaminated water into the well. 
A second reason for the lack of mea- 
surable contamination was the inter- 
cepting effect of the' pumping of Assa- 
bet No. 2, which was being piped to 
Sinking Pond by the chemical company 
as part of its pumping test of the aqui- 
fer. 

After one month of pumping, the 
first chlorinated hydrocarbons were de- 
tected in the raw water. The two pri- 
mary contaminants were 1,1,1 trichlo- 
roethane and 1,1 dichloroethylene. 
Contaminant concentrations continued 
to increase for the testing duration, 
reaching a level in excess of 150 parts 
per billion. 

Contamination levels exceeding the 



water districts standard of 5.0 pans per 
billion for total volatile organics were 
not measured in the effiuenc from the 
first. adsorber until after 27 weeks of 
continuous Use. During this period, the^fc 
GAC in the adsorber had treated a totaiffl A 
of 88 million gallons of water. ^^^^f 

The average influent concentrations 
of trichloroethane and dichloroethylene 
were 40 parts per billion and 1.5 parts ■ 
per billion, respectively. Under these 
conditions, carbon usage at the pilot 
plant was 0.34 pounds per 1,000 gallons 
of treated water. 

Final treatment costs cannot be es- 
tablished until the raw water quality 
stabilizes. Factors affecting the cost of 
treating water with GAC include the 
types and concentrations of contami- 
nants in the influent, the flow rate, and 
the effluent criteria. 

This pilot plant demonstrated GAC 
could effectively remove contaminants 
in the concentrations found in thcSIhk- 
ing Pond aquifer. 

Yet, raw water contamination levels 
continued to increase. The district eval- 
uated air stripping in packed towers as 
a prerreatment to extend the life of the 
GAC. In eariy 1983, the district voted 
to make a carbon installation perma- 
nent, and to develop and install an aer- 
ation system. In addition, the district 
appropriated SI 1,000 to purchase a 
portable gas chromatograph. This in- 
strument wfll augment the present sam- 
pling program and monitor water qua! 
iry at other wells. 

Acton's approach to combat contam- 
ination and manage groundwater re- 
sources is a model forcommunities fac- 
ing similar problems. Until now, finan- 
cial considerations usually prompted 
municipalities to seek alternative water 
sources instead of treating contami- 
nated existing supplies. Acton's experi- 
ence has demonstrated that treating wa- 
ter contaminated by volatile organics is 
an economical and viable procedure. G 



John E. MacLeod is district manager of 
the Acton Water District. George R. Al- 
ton is vice president of the consulting firm 
of Dufresne Henry, Inc. 
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sottotj: coowTr watsr authority/ qaxpaijs, £okg islakd, gsw yoiuc 

The water authority has a lengthy reliance on well water. la recant time many 
wells have become contaminated with agricultural chemicals," petrochemicals and' 
•chlorinated solvents." Until 1988, the water -authority's experience : using! 
granular activated carbon . treatment was limited. Small carbon units had been 
placed at individual homes to remove agricultural chemicals such as TemiJc and 
Aldicarb. Larger granular activated carbon adsorption units had been installed 
at the Dix Hills, Southold and Greenport wells. 

In 1985, Calgon Carbon Corporation provided a single adsorber activated carbon 
system at the Oakdale well, 'starting in 1988, the Water Authority began 
consolidating their, treatment program anticipating the January, 1989, New York 
State standards. The' Authority issued a request, for bids for 125 psig paired 
adsorbers with- the capability to operate pairs in series (700 gpm 6 15 minute 
.contact time) or paraiJhsi flow '(1,000 gpm @ 10 minutes contact time}, each 
adsorber 10 foot diameter containing 20,000 pounds of Filtrasorb 300 granular 
activated carbon. 

Well contaminants were primarily chlorinated solvents being less than 20 ppb 
(max) and the effluent treatment' requirements were established at less than 5 
ppb of. voc's. The April 4, 1988 bid date found Calgon Carbon Corporation as 
the responsive, qualified bidder and the corporation was awarded a contract to 
supply five (.5) dual adsorption systems. With the satisfactory performance of 
this phase of the project completed, the Suffolk County Water Authority placed 
an order in August, 1988 for an additional 33 dual adsorption systems. Some of 
the contaminated well locations required the installation of two adsorption 
systems to treat 2,000 gpm. At this point in time, the Suffolk County Water 
Authority became Calgon Carbon Corporation's largest single customer of 
adsorption equipment. ' 

A third phase to the project was implemented adding 20 additional dual 
adsorption systems increasing the project requirements to 58 dual adsorption 
systems with each system sized to treat 1,000 gpm. Host sites experience a 
carbon use -rata of < 0.04//1,000 gallons allowing a one year bed life. 

Suffolk County renewed the supply contract with Calgon Carbon Corporation 
which included carbon exchange services. In 1990, the contract was rebid and 
once again Calgon Carbon Corporation was the successful bidder. 

CONTACT: Mr. Ed J. Rosavitch, ?.£., Chief Engineer, Suffolk County Water 
Authority, Sunrise Highway at Pond Road, Oakdale, New York, 11769, 516-589- 
5200. 
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Table 5 

CASE STUDIES 



TREAT IKCJ GROUNDWATER rOR POTABLE HATER USE 

INFLUENT CONTAMINANTS AT jig/1 LEVELS 
CARBON I CALGOH TILTRABORB 300 (VIRGIN GRADE) 



syatea 
No. 


Conta*lnanta 


Typical 

Influent 

Cono. 


Typical 

Effluent 

Cono. 

wim. 


Surfaca 
Loading 

(opm/ft. 2 ) 


Total 
Contact 
Tin* 
(Kin.) 


Carbon 
Uaaga 
Rata 
<lb./1000 Oal.) 


Operating 
Mode 






1 


1,1, 1-Triehloroe thane 
Trichloroethylane 
Tetrachlora thy lane 


143 

S.4 
26 


< i 

< i 

< i 


4.5 


15 


0.4 


Single 
rlxed Bed 


a 


Hathyl T-iutyl Btber 
Dl-Iaopropyl Sthar 


30 
35 


< 5 

< I 


5.7 


12 


0.62 


2 - Slngla 
rlxed Bed* 


3 


Chlorofora 
Trlchloroathylene 


400 
10 


< 100 

< 1 


2.5 


26 


1.19 


. 4 - Single 
fixed Beda 


4 


Triohloroethylene 
Tetrachloroethylene 


35 

170 


< 1 

< 1 


3.3 


21 


0.21 


3 -* Single 
rlxed Beda 


3 


1 , 1 , 1-Tr Ichlorethane 
1 , l-Dichloroethylene 


70 
10 


< 1 

< I 


4.5 


. 30 


0.45 


Two rlxed 
Beds In Sarlee 


6 


Trichlorethylene 
Cle-1,2-Olct>loro«thyl«na 


25 
15 


< 1 

< 1 


2.0 


35 


0.32 


Single 
rlxed Bed 


7 


Trlchlorethylene 


so 


< 1 


1.6 


42 


0.38 


2 - 8lngle 
rlxed Beda 


8 


Cle-1,2-Dlohloro«thylane 

Trlohloroathylana 

Tatrachloroathylene 


5 

5 
10 


< I 

< 1 

< 1 


1.91 


70 


0.25 


Two rlxed 
Beds In Sariea 










Source i 


"There la an 


Answer to Groundwater 





Contamination" by Robert O'Brien 
and J. 1.. rlahar; Hater/Engineering 
fi Management, Hay, 1983. 
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GRANULAR ACTIVATED CARSON ADSORPTION FOR 
VOC REMOVAL FROM DRINKING WATER SUPPLIES 

Mark H. Stenzel 
Marketing Manager 

James L. Fisher 
Marketing Manager 

Calgon Carbon Corporation 
Pittsburgh, FA 15230 



INTRODUCTION 

The recent amendments to' the' Safe Drinking water Act 
(SDWA) have generated increased interest in evaluating a 
number of different technologies for the removal of 
Volatile Organic Contaminants (V0Cs) from drinking water 
supplies. Since 1974, the EPA has generated Maximum 
Contaminant Levels (MCLs) for 26 contaminants, but the new 
amendments have called for accelerated regulation by 
requiring development of MCLs for 83 specific 
contaminants. Many of these contaminants are VOCs which 
have been discovered in groundwater sources for drinking 
water supplies. Of immediate concern are the 8 VOCs that 
are set for regulation in 1987, shown with their proposed 
HCLs in Table 1 (1). 

The use ' of granular activated carbon {GAC) to remove 
organic contaminants by adsorption on the large internal 
surface area of the activated carbon granule has long been 
a proven and established technology. Over 150 public 
drinking water systems already have experience with GAC in 
the removal of taste and odor causing organic compounds in 
the' United States and over 200 in Europe (2). Many 
industrial plants have also used GAC for the removal of 
specific organic compounds from water, wastewater and 
chemical products- Recently, GAC has been used to remove 
specific VOCs from groundwater or contaminated water 
resulting from accidental spills (3). 

The success of GAC in removing organic contaminants from 
water has resulted in the amendment to the SDWA 
establishing GAC as the "yardstick" by which other- 
treatment technologies are to be evaluated in the control 
of synthetic organic chemicals (4). Other treatment 
techniques must be at least as effective as GAC in order 
to be considered viable. Although often perceived as an 
expensive treatment technology, GAC can often be the most 
cost-effective solution to the problem at hand. What is 
needed is a reliable method to evaluate the applicability 
of adsorption and to estimate the cost to the water system 
operator. 

This paper will present a methodology by which GAC can be 
evaluated, starting with isotherms for preliminary 
evaluation and continuing on to parameters for system 
design. The design of the GAC system will provide capital 
expenditure guidelines, while the evaluation procedure 
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should provide a good estimate of the ongoing operating 
costs. 

PRELIMINARY EVALUATION: ISOTHERM TESTING 

The liquid phase absorption isotherm test is the basic 
preliminary evaluation technique for activated carbon 
treatment. The adsorption, isotherm is a. batch test 
designed to determine the equilibrium relationship between 
the contaminant in the liquid, measured as concentration, 
and the contaminant adsorbed on the activated, carbon, 
expressed as carbon capacity or weight of contaminant per 
unit weight of activated carbon. 

The application of the isotherm test to evaluate 
adsorption of VOCs has historically resulted in unreliable 
and disparate data. In response to the need for reliable 
evaluation data, an isotherm procedure has been developed 
which minimizes analytical errors and more accurately 
predicts adsorption capacity of GAC for VOCs- This 
procedure includes handling samples while allowing no head 
space 7 using relatively large quantities of powdered 
activated cacbon to minimize weighing errors, and using 
relatively large initial concentrations of VOCs to 
minimize analytical errors and provide reliable data 
points at the higher concentrations to better fix the 
isotherm plot. 

The isotherm test conditions are summarized in Figure 1. 
The activated carbon used is Calgon Carbon's Filtrasorb 
300, a bituminous coal-based activated carbon with a high 
surface area (1000 m /gm) and Iodine Number (typically 
970). The activated carbon is pulverized to -325 mesh to 
eliminate the diffusion rate as a factor. The water 
samples consist of reagent grade chemicals added to 
purified water. As shown in Figure 1, the activated 
carbon dosages result in the development of low level VOC 
equilibrium concentrations which are useful for 
evaluation. The sealed flasks are agitated for a minimum 
of 20 hours to assure equilibrium. The contents are then 
pressure filtered through 0.45 micron filter pads, •with 
the filtrates analyzed by gas chromatography using the 
purge and trap technique with the amount of the compound 
retained on the activated carbon calculated by difference. 

In 1984, results from single component isotherms of five 
of the more common chlorinated solvents were presented 
(5). Single component isotherms from eight more VOCs have 
been conducted to expand this data base. It is most 
important to note that when comparing the relative 
adsorbability of one compound to another, and especially 
when adding consideration of concentration effects, that 
the testing protocol be consistent. Therefore, it is 
anticipated that this data base of isotherm tests will be 
useful in determining effects of contaminant and 
concentration changes possible in long term groundwater 
treatment. 

All thirteen isotherms are presented here for reference. 
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Figure 2 shows the results of isotherms for seven of the 
vOCs due for . regulation in 1987. The eighth VOC, vinyl 
chloride, is normally a gas at ambient temperature, and 
has a very low capacity on GAC in liquid phase adsorption. 
Investigations into' the removal of vinyl chloride by 
activated carbon have reported poor capacities. • However, 
vinyl chloride removal by. aeration has produced good 
removal efficiencies (7). The isotherm results for 
p-^dichlorobenzene are from earlier test results using less 
agitation time, but p-dichlorobenzene is well adsorbed by 
activated carbon and the results are consistent with 
recent tests- 
Figure 3 has grouped the remaining chlorinated and 
brominated aliphatic solvents ' and Figure 4 the aromatic 
and chlorinated aromatic solvents. The isotherms point 
out characteristics useful for considering adsorption of 
other compounds; i.e., that the capacity of activated 
carbon for the contaminant increases with concentration^ 
molecular weight and decreasing solubility of the 
contaminant. 

Isotherms are useful in identifying whether a compound is 
amenable to adsorption by activated carbon. The test 
indicates the theoretical capacity for these contaminants 
by GAC, which as will be shown later, allows the 
development of estimates of carbon usage rates for cases 
where a single contaminant predominates. Care must be 
taken in using these single component isotherms when the 
contamination involves a mixture of adsorbable compounds. 
Although these isotherms might allow for preliminary 
estimates of activated carbon usage rates, additional 
testing would be warranted to establish more reliable 
carbon usage rates. Finally, background organic 
contaminants, usually more prevalent in surface water than 
groundwater, may cause reduced capacity. Isotherms 
performed on a specific water according to these 
procedures would provide for good comparison to these 
single component isotherms and a basis for estimating GAC 
usage rates. 

After a column study is performed or actual operating data 
is- obtained, isotherms are useful in evaluating effects of 
concentration or contaminant change. A relationship can 
be established between the actual usage rate and the 
equilibrium data of the isotherm, and changes in usage 
rate can be predicted using the isotherms as reference 
points. 

ADVANCED EVALUATION: ACCELERATED COLUMN TESTING 

The effect of short contact times experienced in actual 
operation and the accurate prediction of activated carbon 
usage rates is normally obtained in the scaled column 
study. The accepted test method for the column study has 
been to use the GAC in columns sized from 1 to 4 inches in 
diameter, and with selection of surface loading rates and 
media depth, obtain the desired empty bed contact times in 
single or multiple columns ; The low usage rates expected 
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in groundwater treatment to remove low levels of VOCs 
often make a* directly scaled study infeasible due to the 
time and analytical expense involved. 

Several researchers have explored the possibility of small 
rapid column tests (6). The basic principle is to use 
smaller size granules of the same activated carbon, but 
with high surface loading rates and short contact times. 
Using mathematical models of basic adsorption kinetics, 
these rapid column tests can then be used to predict full 
size system performance- Calgon Carbon Corporation has 
developed a high pressure mini-column technique, the 
Accelerated Column Test (ACT), which uses 50 mg of 
Filtrasorb 300 grade GAC .that has been sized to less than 
100 mesh in a column with an internal diameter of 1.94 mm 
(7). The ACT procedure has been tested in comparison with 
one inch diameter column studies and existing full scale 
systems with the results showing a high degree of 
correlation (8). 

The ACT can be used, as mentioned previously, to model the 
performance of a particular system in order to fix contact 
times and predict usage rates and breakthrough 
characteristics. Historical act data can also be used to 
predict performance on potential applications. In this 
procedure, ACT data can be compared to isotherm data to 
determine how much of the theoretical capacity can be 
realized under dynamic conditions. As when comparing 
isotherm results, these act's need to be performed under 
similar conditions with the same mathematical scale-up 
model to assure consistency. 

PREDICTION OF USAGE RATES WITH ACT AND ISOTHERM DATA 

We have performed numerous ACT studies on waters 

contaminated with low levels of VOCs. These studies can 

be reviewed to determine how much of the equilibrium 

capacity identified in the isotherm test can be realized 
in an operating system. 

Table 2 shows the results of ACTs run on actual and 
synthetic groundwater samples containing essentially a 
single VOC Both the synthetic and actual samples used 
waters with low (<0.S ppm TOO background of organic 
compounds. These tests show that operating systems with 
short contact times can generally obtain 45-55% of the 
theoretical capacity of the activated carbon at 
breakthrough of the contaminant. Besides indicating that 
a predictable amount ' of capacity can be obtained, these 
tests indicate a relatively short adsorption zone in the 
bed, and that upon breakthrough little adsorptive capacity 
remains. Results of this testing suggests that contact 
times of 12—15 minutes be used to optimize activated 
carbon usage and that single stage adsorption systems be 
employed to minimize capital costs in designing systems to 
remove low levels of VOCs. 

Table 3 shows results of ACTs run on actual groundwaters 
including results from other commonly encountered 
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situations. The first . site shows the effect of higher 
contaminant levels of a well adsorbed VOC. With higher 
levels of trichloroethylene (TCEJ and slightly greater 
than 15 minutes contact time, the ACT predicts a 68% 
attainment of the equilibrium isotherm data. This result 
indicates that in the adsorption process , the higher 
concentration contaminant acts as a greater driving force 
towards equilibrium capacity. 

The second site investigated shows the influence of 
background organic contaminants on the adsorption of 
chlorinated solvents. A municipal drinking water 
containing 135 ppb of chloroform that also contained 6 ppm 
background organic contamination measured as TOC was 
tested. The act indicated that the presence of this 
organic background resulted in only 37% of the theoretical 
capacity being achieved. This capacity is approximately 
20% less than the capacity achieved in the municipal 
drinking water sample shown on Table 2. 

The third site in this set shows the effects of a mixture 
of VOCs; 1,1,1 trichloroethane (TCA) and TCE. As shown in 
the isotherm data in Figure 2, the TCA is not adsorbed as 
strongly, so it is expected to break through first. The 
column study did indicate that the TCA was detected first 
in the effluent, and the capacity of carbon for TCA was 
only 34.3% of its equilibrium value. Another way of 
looking at this mix is that at an equilibrium capacity' of 
3.5 mg/gm and 55 ppb of TCA, the theoretical usage rate 
would be 0.13 lbs- GAC per thousand gallons. This usage 
rate can be added to a usage rate of 0.06 lbs. GAC/1000 
gallons for TCE (24 mg/gm at 165 ppb) for a total usage 
rate of 0.19 lbs. GAC/1000 gallons for both contaminants. 
The actual usage rate is approximately 58% greater than 
the theoretical, indicating a working capacity that 
realizes approximately 63% of the equilibrium capacity. 

In considering these ACT studies on VOC removal, it can be 
concluded that for low level VOC contamination in waters 
containing low background TOC, operating activated carbon 
adsorption systems can achieve 45-55% of the theoretical 
isotherm capacity. When the chemistry becomes more 
complex, with background TOC or the prescence of a mixture 
of contaminants, a simple rapid mini-column technique can 
be conducted to explore these additional effects. 

ADSORPTION SYSTEM DESIGN AND ECONOMICS 

Based upon the evaluation procedure discussed above, the 
investigator can proceed with preliminary system design 
and establish the economics for activated carbon 
treatment. It was shown earlier that for waters with one 
or two VOCs present at low levels - 200 ppb or less, 
contact times of 12 to 15 minutes are acceptable. Also, 
for these conditions, and especially if only a single VOC 
is present, the mass transfer zone is sufficiently short 
that a single stage adsorption system can usually achieve 
optimum economic utilization of the activated carbon. The 
use of single stage systems rather than multiple stages 
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will Minimize costs for the treatment equipment.- A simple 
in— bed sample poet can be. utilized to anticipate 
contaminant breakthrough and provide an added safety 
factor foe effluent quality. 

The use of single stage systems allows the use of GAC as 
substitute media in sand filters, if these are already in 
position at the treatment facility. At a 2 gpm per square 
foot loading rate, a 4 ft. deep bed of GAC will provide 15 
minutes of contact time. Other investigators have 
reported that GAC is also an adequate replacement for most 
media in performing required filtration 12). In such a 
case, there is no major capital expenditure for additional 
equipment. 

For most groundwater treatment applications, however, it 
is more likely that a treatment unit would be required 
between the groundwater well pump and the distribution 
system. In this case, a single stage pressure adsorber 
can be placed in-line to provide treatment without 
repumping. Typically, 10 ft. diameter adsorption vessels 
containing 20,000 lbs. of GAC are used for this service. 
Adsorption vessels with 20/UOO lbs. of GAC have become a 
standard size unit, as the spent GAC from a single unit 
can be transported from the site for spent carbon handling 
in a single over-the-road trailer. The limitation is due 
to weight considerations, as the entire quantity of GAC, 
retained moisture and adsorbate will weigh approximately 
40,000 pounds. Each of these units can treat 350 gpm and 
provide a contact time of 15 minutes. The adsorption 
process, operated in a downflow mode, will typically add a 
IS psig pressure drop to the system. 

Each single adsorber as described above, complete with 
process, .utility and carbon transfer piping can be 
installed on an existing foundation for approximately 
?75,000. This cost would not include other portions of 
the overall installation, such as foundations, pump work 
or tie-in to the existing system. 

The following example illustrates the methodology that can 
be applied to obtain preliminary economics for a 
groundwater treatment scenario. The conditions that can 
exist at a groundwater sourced drinking water supply are: 

Flow: 600 gpm (0.864 mgd) 

Contaminant: Trichloroethylene 

Concentration: 180 ug/1 (ppb) 
TCE MCL: 5 ug/1 

Background TOC Level: Negligible (<1 ppm) 

Based upon the evaluation information provided, the 
following design assumptions can be made: 

Adsorber Size: 10 ft. dia., -20,000 lbs. GAC 

Adsorber Quantity: Two Units 

Contact Time: 17 minutes 

Equilibrium Capacity: 25 mg TCE/gm GAC (Figure I) 

% Bq. Capacity Realized: 50% (Table 2; estimate) 
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Estimated Capacity: 12.5 mg TCE/gm GAC 
Estimated GAC Usage: 0.12 lbs./lOOO gallons 
Estimated Annual GAC Usage: 40,000 lbs. 

To predict the operating cost, an estimate is made for the 
installation of the adsorption system as shown in Table 4, 
resulting in a total installed capital expenditure of 
approximately $250,000. In some geographical areas, 
freeze protection such as insulation with heat tracing, or 
a building, may also be necessary. 

Finally, the annualized operating cost for the adsorption 
system can be estimated by amortization of the capital 
expenditure and addition of the expenses as shown in Table 
5. The unit cost for the treatment system under 
consideration can therefore be estimated to be 27 cents 
for each 1000 gallons treated. This figure is consistent 
with a value of 34 cents per 1000 gallons estimated by the 
EPA for systems below 1 mgd and for 99% removal of TCE up 
to 500 ppb (9). 

CONCLUSION 

The recent interest in technologies for treatment of 
waters contaminated with low levels of vocs has increased 
the need for reliable data bases to be used for 
preliminary evaluation. This need is especially critical 
in the. evaluation of activated carbon adsorption, which is 
regarded as the basis by which other technologies are 
measured. 

The adsorption isotherm is the basic evaluative tool for 
activated carbon adsorption, and can be an effective 
predictor for activated carbon usage rates when combined 
with reliable dynamic studies. For the isotherms 
presented in this paper, care was taken to minimize 
analytical errors and assure equilibrium conditions. As a 
result, this series of isotherms can be compared to each 
other and used as a reliable point of reference for column 
studies. Finally, rapid mini-column tests similar to the 
Accelerated Column Test can be used to effectively model 
full scale systems. 

Results discussed here indicate that for. groundwaters 
contaminated with essentially a single VOC at low levels 
with little background organic contaminants, 45-55% of the 
equilibrium capacity can be obtained using contact times 
of 12 to 15 minutes. The short mass transfer zones also 
indicate that single stage adsorbers can be employed to 
minimize capital expenditures. 

The methodology exists then, to properly evaluate 
activated carbon treatment for both performance operation 
and costs. This procedure will be helpful as a point of 
reference to evaluate other treatment technologies and as 
a planning technique for the employment of activated 
carbon adsorption. 
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FIGURE 3 
ACTIVATED CARBON ADSORPTION ISOTHERMS 
CHLORINATED SOLVENTS 



(1) Tetrachloroethylene 

(2) Trichloroethylene 

(3} Cis 1,2 Dichloroethylene 



(4) Chloroform 

(5) 1,2 Dichloroethane 

(6) Methylene Chloride 
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FIGURE" 4 

ACTIVATED CARBOiN ADSORPTION ISOTHERMS 
AROMATIC SOLVENTS 

(1) jn Xylene 

(2) Toluene 
(53 Benzene 
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TABLE 1 

Proposed VOC Regulations 



voc 



Maximum Contaminant 
Level (KCL); ug/1 



Vinyl Chloride 

Benzene 

Carbon Tetrachloride 

1,2 - Dichloroethane 

Trichloroethylene 

1,1 - Dichloroethylene 

p-Dichlorobenzene 

1,1,1 - Trichloroethane 
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TABLE 4 

Adsorption System Capital Expenditure 

BASIS: 600 gpm 



Adsorption equipment, installed S150,000 

Foundation, installed 20,000 

Well pump upgrade (if necessary 10,000 

Tie-ins; pump discharge/distribution 10,000 

Equipment freight 10,000 

Project jnanageaient 25,000 

Contingency 25,000 

TOTAL PROJECT COST S250,000 



TABLE 5 
Adsorption System Annual Costs 



Amortization of Capital $26,800 

(8.75% of 20 yrs.) 

Maintenance 512,500 

(5% of installed capital) 

Energy Costs S 4,800 

(7 BEF for additional 15 psig; Sc/XWH) 

"Carbon usaoe S34.400 

(40,000 lb. Calgon F-300 € §0.86/lb.) 

Carbon Freight S 5,SO0 

(two bulk trailer deliveries) 



Total Annual Cost 583,500 

Unit Cost SO. 265/1000 gals. 

Assunes supplier of GAC can remove spent carbon and arrange 
for disposition of sane in acceptable manner. 
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used within the home, indudiug high-water-volume 
activities such, as 'touet flushing and showers. The ?OE 
systems used in Honda's EDB-fumigant program con- 
sist of a particle filter and one or more granular acti- 
vated carbon (GAC) filters, followed by an ultraviolet 
(UV) light disinfection unit. Installation of these treat- 
ment sysrems began in January 1985. and nearly 
l r 000 home and semipublic POE systems are now 
installed. The POE system's particle filter, GAC and TJV 
light bulbs are replaced every six months, a period 
chosen to provide optimum UY disinfection, by a com- 
mercial supplier under contract to the state. Because 
these maintenance costs are >S1 million/year, the 
state of Florida is interested in determining whether 
toe carbon replacement interval can be safdy extended 
beyond the current six-month interval. 

This article presents a description of Florida's 
EDB-furnigant filter program and the results of a 
three-part study undertaken to determine the feasi- 
bility of this change in maintenance policy. 

Background 

The main functions of Florida's EDB task force were 
to determine the magnitude of the problem and to 
find ways to correct ir. The task force hired a consult- 
ing firm to evaluate air-stripping and activated carbon 
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adsorption for the remov. 
EDB. 4 Air-stripping remove 
to 99 percent of the EDB, w( 
as activated carbon adsorp 
removed up to 100 percent o 
EDB. Because Florida's maxii 
contaminant level (MCL) for 
was later set at 0.02 pg/L the 
lyrical detection limit, activated 
ban adsorption was the only f 
ble technology to. meet 
standard. 

In addition, from 1983 tt 
present the task force arrange 
me sampling of more than il 
private and community v 
located throughout the stat 
Sampling is continuing in five coui 
where 92 percent of the contamin 
sites are located. The county health u 
on behalf of the state, answered citi? 
complaints, sampled suspect weiis, 
arranged to have bottled water deliv 
to these locations for a Limited ti 
"When contamination of the grounds 
with EDB or other fumigants was > 
finned, one of the following reme 
steps was taken: (1) connection of he 
to existing water distribution systems 
extension of existing water distribu 
systems to serve adjacent areas with 
■?%&$;. "•"• •-; tarainated wett water. (3) addition of < 
--'•-*"-•■ treatment to existing communiry w 

treatment plants, (4) change to altera; 
water sources (such as new wells), 
installation of large GAC filler units to service se\ 
households, or (6) installation of individual ho 
hold POE treatment systems. 7 Th rillin g new, de> 
wells proved to be expensive and did not always 
duce a better water source." Because the conk- 
Rated weUs were mosuy located in sparsely popuJ 
agricultural areas, the installation of POE treatment 
terns became the primary tool of remedial actior 
At private homes, groundwater is norm 
pumped from the well into a pressurized storage t 
from which water flows whenever a tap is ope: 
The POE filter systems, connected downstreai 
the pressurized storage tank, consist oi a fiber S 
one or more GAC filters, and a UV disinfecrion sy; 
(Figure 1). The 5-pm fiber filter removes solids 
large particles that conld dog the GAC filters. Mo 
the POE systems used 54-in.- (1.37-m-) tall 10 
(0.25-m-) diameter fiberglass vessels that have a 
ume of 2.45 cu ft (0.069 m 3 ) and were packed ' 
2J. cu ft (0.062 m 3 ) of GAC. These filters are callec 
standard or nominal 2-cu-ft filters. The staie sup 
initially used one brand of bituminous GAC and '. 
switched to another brand of bituminous-based < 
because it was available at a lower price. The u 
violet disinfecrion units were added downstreai 
the filters to ensure that the chinking water is b* 
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riologically acceptable, given that bacteria tend to 
proliferate within activated carbon filters.* -11 

A fixed maintenance interval is a basic criterion 
of Florida's program because it greatly simplifies 
management. First, there is no confusion over when 
every filter has to be maintained; this is important 
because there are nearly 1,000 niters in the pro- 
gram. Second, once The safety of a particular period . 
is proven, monitoring of fumigani concentrations 
can be greatly reduced, leading to substantial sav- 
ings. The cost of fumigant analysis for the one set 
of influent and effluent samples taken every six 
months is almost $200 per location, whereas the 
cost of carbon and UV-larnp replacement is approx- 
imately $500. Thus frequent monitoring, as con- 
ducted at a water treatment plant with GAC adsor- 
bers, would be very expensive and hard to justify. 
Because the individual niters treat different well- 
water flow rates and different fumigant concentra- 
tions, different size filters are required to provide 
fn mi gam-free water for the same maintenance 
period. Monitoring represents a very large fraction of 
the cost of operating POE filter programs. 12 

The basic filter selection criteria were based on 
(I) the adsorption information developed by a con- 
sultant. 12) a six-month maintenance period. (3) the 
. influent EDB concentration, and (4) the filter flow 
rate (Table 1 ). At wells with EDB concentrations of up 
to 10 pg/L. the POE systems should consist of one 
or two GAC' filters providing an empty bed contact 
time (EBCT) of approximately 2.5 mio. For larger 
concentrations, the systems selected provide an EBCT 
of approximately 5 mm Both these EBCT values are 
mfhin the nonnal range for POE filters bur below 
those used for water treatment plant GAC adsor- 
bers. 13 - 14 As shown in Table 1. the size and number 
of the filters were adjusted to treat the estimated 
water flow rate, while following the EBCT criteria. 

The treatment systems were installed to serve {1} 
large community water systems (2) private, semipri- 
vatc or institutional installations with large numbers 
of users, such as a trailer park or a school- (3) small 
businesses and industries; (4) systems supplying water 
to a few homes; and (5) private homes. Eight hundred 
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{or 83 percent) of die treatment systems are at private 
wells serving a single home. The next largest group- 
ing, accounting for almost 13 percent of the filter sys- 
tems, consists of systems supplying water to a few 
private homes. The nominal 2-cu-ft systems arc the 
most common size used, accounting for 83 percent 
of the units at private well systems and 88 percent of 
the units within the entire program. 

The remaining 114 larger filters within the pro- 
gram are of many different sizes and axe connected 
either in parallel, in series, or both- Table 1 shows the 
most common filter sizes and configurations used 
within the program and their flow and concentration 
selection criteria. A few of the larger filter systems are 
not included in Table 1. AH of the filters have short 
EBCTs. The majority, 82 out of 114 oi 72 percent of 
the larger-than-standard filters have a nominal size 
of 5 cu ft. They consist of two nominal 2-cu-ft GAC fil- 
ters in series, each of which has a volume of 2.45 cu 
ft for a total of 4.9 cu ft— the nominal 5 cu ft. As indi- 
cated earlier, the norninal 2-cu-ft filters contain 2 3. cu 
ft GAC, so the nominal 5-cu-ft Hirers contain 4.4 cu ft 
of GAC. Only 14 filter systems have carbon volumes 
of 10 co ft (OJ283 m 3 ) or larger, which represents only 
12 percent of the large filters and 1.5 percent of all of 
the filters in the program. Besides these systems, large 
GAC filters were installed at public water treatment 
systems in the cities of Lake of Wales. Lake Alfred, 
and Harlem Heights. 
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Factors that affoct perfbrmaneo of the 
QACffltors 

The performance of POE activated carbon fibers is 
affected by the same factors a$ water treatment plant 
adsorbers and in addition, by some that are specific 
to POE units, such as short EBCTs and a tendency to 
desorb. The most important factors in the removal 
of toxic chemicals by activated, carbon are the char- 
acteristics of the contaminant, the type of activated 
carbon, the presence of competing conTBTnTnanrs,, the 
presence of naturally occurring background organic 
material (NOM), the water tem- 
perature, pH. and other water 
matrix characteristics. Competi- 
tive adsorption with NOM is par- 
aoilarly important as it can 
reduce the carbon's adsorption 
capacity by >50 percent. 15-17 The 
performance of GAC adsorbers is 
also affected by the key adsorber 
design parameters: the EBCT and 
the hydratuk loading. 

EBCT and kytfeanfle ktadmg. 
POE filters id this program have 
EBCTs of onry 2.7 nrin, which is 
much less than the 73- to 20-min 
EBCTs used in water treatment plants. From basic the- 
ory for smgle-cocraminant adsorption, longer filter or 
cohmm EBCIs result in more efficient use of the car- 
bon's adsorption capacity. The longer columns result- 
ing from longer EBCZs have a larger fraction of their 
GAC that reaches saturation and a smaller fraction of 
their GAC within the mass transfer zone that does not 
reach saturation. Thus, the average solid-phase con- 
centrations achieved on the POE GAC filters will be 
smaller than those on water treatment adsorbers and 
cyen smaller than those predicted by bottle-point 
isotherms. Recent work by Hand et al u has shown 
that ccxnpenrrreadscHTflkrawrm NOM can sometimes 
alter the increased loading with increased EBCT rela- 
tionship discussed previously- This is primarily a tune- 



rs JOURNAL AWVM 



tion of the EBCT and the rates at which : 
and the synthetic organics adsdrb. Flo: 
program uses adsorbers with short El 
and EDB should be adsorbed much i 
rapidly than NOM. Thus, the adsorptk 
EDB is not expected to be significantly rec 
by the complex competitive interactions 
the ftOM. And greater loadings may si 
achieved by using longer EBCTs. 18 The 
formance of the POE niters is also aff ecu 
some additional factors, s»ch as the vari 
ity in wel-water EDB and desorption. 

Variability of well-water EDB am 
sorption. The well-water EDB concei 
tions are regularly monitored and in n 
wells there is great variability. Figure 2 si 
the variability in EDB concentrations 
typical weH. This may be attributed tc 
example, the location of the contami 
plume, rainfall percolation, and soil de< 
tion. The POE systems treat water from existing v 
Generally there is no information on their Ioc 
relative to the contaminant plume. Plume mign 
may be an important factor in future increas< 
decreases in EDB concentrations at some well 
reduce the uncertainty over plume migration, it w 
be necessary to develop anetwork of monitoring i 
and a monitoring program at each site. Given 
large number of wells involved, such a task wouJ 
prohibitively cosdy. Using very conservatively desi; 
POE systems is a method of reducing the risk. 



use the contaminated wells were 
mostly located in sparsely populated 
agricultural areas, the installation of 
POE treatment systems became the 
primary tool of remedial action. 



It is reasonable to expect that EDB will leach t 
the soil in the unsaturated zone, resulting in his 
EDB groundwater concentrations after rainfalls. H 
ever, Melear and Farabee 19 observed that in I 
Alfred, Fla., there was no correlation between 
EDB concentrations and either the pumping rat 
rainfall. The EDB <vas always present but its c 
centrations fluctuated greatly. Thus, it is likely th 
large portion of the EDB is adsorbed onto the 
and is desorbing very gradually. 20 

These variations in the well-water EDB cone 
orations greatly affect the performance of the ] 
filters as a result ol reversible adsorption. The 1 
feed information in the literature suggests chat n 
oi the halogenated aliphatic compounds tested sc 
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adsorb reversibly. 21 - 22 A con- 
sulting firm 23 conducted a 
desorption study by contin- 
uing its minicolumn runs 
using organic-free water as a 
column feed. During the first 
pan of the experiment the 
column had been loaded 
with nanogram-per-litre lev- 
els of EDB, dibrcmochlo- 
ropropane (DBCP). 1,2,3- 
trichloropropane, and 1,2- 
dichloropropane. The two 
columns were run for 600 
bed volumes in the desorption mode, and during this 
time EDB was the only chemical to desorb. At both 
300 and 600 bed volumes the desorbing EDB con- 
centrations were approximately half that fed during 
the loading phase. Thus, EDB will desorb readily, and 
it is adsorbed more weakly than the other fumigams 
because they did not desorb- 

A sharp reduction in the EDB concentrations 
entering a partially loaded filter could thus result 
in some desorption of previously adsorbed EDB. If 
there is more fresh carbon in the column, the con- 
taminant will be adsorbed farther downstream in 
the column. If this additional adsorption capacity is 
not available, the contaminants will pass through 
the column and appear in the effluent. Because FOE 
systems have short EBCTs, the latter is probably 
occurring in some filters. As shown in Figure 2, 
there will be fluctuations in ^ic contaminant con- 
centrations "within the well water, so desorption is a. 
strong possibility. 

Other desorption problems may arise because of 
the on-off nature of the POE GAC filter systems. 
Leaching (desorption) of previously adsorbed cont- 
aminants may occur while the filter is not in opera- 
tion, and these contaminants could be flushed out in 
the product water. This aspect requires farther study 
and will possibly lead to development of guidelines 
for water usage like those for lead. Le., ranning the 
water for a few minutes to rinse the system before 
talcing a drink. 

Therefore, the most important factors affecting 
the longevity of the GAC operating cycles are the 
EBCT and the variations in the EDB concentration. 
Contaminant desorption is an inherent problem of 
activated carbon adsorbers, and it can only be reduced 
by using larger adsorbers. 

Modeling GAC fitter performance 

There are many methods of predicting GAC col- 
umn performance (i.e., the breakthrough). They 
range from very simple models to very expensive 
and tune-omsuming piloi-scale tests to very elabo- 
rate mathematical models. 24-25 Column performance 
modeling within this study will be limited to the 
equilibrium column model (ECM), the simplest 
method, because of several factors. First there are too 
many niters (nearly 1,000) in the EDB filter pro- 
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gram to warrant elaborate analysis of each. Second, 
elaborate computer models require NOM measure- 
ments for their competitive adsorption calculations. 
As there are no NOM data available for these filter 
systems, the use of such models cannot be justified. 
Third, sophisticated modeling requires at least two 
effluent EDB concentrations during a breakthrough, 
and such data are not available for most systems. 

M activated carbon adsorbers, mass transfer resis- 
tances slow the migration of the contaminant from the 
water phase to the interior surfaces of the GAC par- 
tides. These processes create the mass transfer zone 
within the column, and in this zone the carbon is 
only partially saturated, Le., not in equilibrium with 
the feed. The ECM has the following characteristics. 
First, it assumes that adsorption is instantaneous, 
and, therefore, there is no mass transfer roue. Thus, 
instead of having an S-shaped breakthrough curve, 
this model assumes there is a breakthrough step (Fig- 
ure 3) and the breakthrough time is independent of 
the breakthrough concentration. Second, it assumes 
that at the time of breakthrough all of the carbon is 
saturated: Le„ its solid-phase concentration is in equi- 
librium with the contaminant liquid-phase concen- 
tration in the feedwater. If the actual breakthrough 
curve is symmetrical in shape, then the ECM break- 
through time predictions should correspond to time 
when the actual effluent concentration reaches 50 
percent of the value of the influent concentration 
(Figure 3). 

The equilibrium model mathematicaly predicts 
the breakthrough time by the following equation: 



'a = OWs>*<?o/^'C ) 



(1) 



in which t B is the breakthrough time (days); V & is the 
volume of GAC in the column (m 3 ); p B is the density 
of the GAC bed within the column (g/m 3 ); q Q is the 
contaminant solid-phase concentration in equilib- 
rium with the influent contaminant liquid-phase con- 
centration (pg contaroinant/g GAC); Fis water flow 
rate through the column (L/d); and Q, is the influent 
contaminant liquid-phase concentration (Ug/L). When 
the adsorption equilibrium is described by die Frcund- 
hch isotherm: 



q = k*C 



Vn 



(2) 
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in which k is the Freundlich isotherm constant [ug/g 
GAC/{pg/L) 1/a ] and lln is the Freundfich isotherm 
exponent. The ECM can aiso he used with an? other 
isotherm model indndrng those used to describe mul- 
acomponent adsorption. 

Although the ECM cannot predict the shape of 
breakthrough curves, it does provide a rough esti- 



mate of service time » it generally u: 
estimates the breakthrough time be 
it neglects the mass transfer zone, 
should be used with caution. 2 * Ac 
ingly, it is common practice to divid< 
ECM breakthrough time prediction; 
factor of two when the ECM is used 
bottle-point isotherms. 

Another approach is to use the i 
with contaminant solid-phase con 
tratfon (loading) data from column a. 
bcrs calculated at The breakthrough ■■ 
As discussed earlier, because of i 
transfer resistances, the columns' 
is not fully saturated, so their loat 
are smaller than the equilibrium i 
ings predicted by isotherm experim 
This approach was chosen to analyz. 

'" " ■" " * data from the EDB-lumigant filter 
gram because it is particularly sui 
for applications with similar condit 

i.e., filter size, flow rates, EBCTs, contaminants, 

water matrixes. 

The contaminant solid-phase concentration 

the GAC within a cohxmn adsorber must be calcu 

from the cdivxaa data because it cannot be meas 

experimentally. The mass of <x>ataminaat rem. 

from the water by the column is assumed to have 
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adsorbed. Mathematically, this can be 
expressed as 



BOB brMlctbn>u jb pmHcBeaM for standard filters a* a 
l fnuctloa of inflnMit cwconlMMtrwtk and flaw nte 



MC0NT-I (q,.-c„..)-f r 



i!,- 



(3) 



in which M CONT is the mass of contam- 
inant removed by the column (Jig); C .is 
average influent contaminant. liquid- 
phase concentration during period i' 
(Ug/L); Cgta. is average effluent contam- 
inant liquicl-phase concentration during 
period i (ug/L); Fj is the average flow rate 
during period i (L/d); At,- is the duration 
of period i (days); and N is the total num- 
ber of periods considered. Then, 

^ 3 * em = i«C0NT/(V s »Pj) (4) 

in which q^it^n is the average solid-phase 
concentration of the GAC within the col- 
umn or filter (ug of contarainant/g of 
GAC); and [V s « p B ) is the mass of GAC 
in the column. This mass of contaminant 
equals the average liquid flow rate mul- 
tiplied by the area between the influent 
and the effluent concentration curves in 
a concentration versus time graph, 
shown as the shaded area in Figure 4. 

The average column loadings (conta- 
minant solid-phase concentrations} from 
the field are lower than those predicted 
by bottle-point isotherms, because they 
include mass transfer and competitive 
adsorption effects. As explained earner, as 
the EBCT of a column increases, the 
adsorption capacity of the carbon is used 
more efficiently and approaches the 
capacity predicted hy the bottle-point 
isotherms. 
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Survey and literature review 
of EOB adsorption data 

The EDB adsorption data presented here were 
obtained through an extensive letter survey and lit- 
erature review of POE systems and the adsorption of 
f um igants. 27 Most of the available ED6 column load- 
ing data comes from minicolumns; however, there is 
some data from full-scale adsorbers (Table 2). The 
column data, shown in Figure 5, can be described 
very well by the solid straight line in spite of the dif- 
ferences in the activated carbon and the water being 
treated. To estimate the miniTn^ iyi performance that 
can be expected from a GAC filter, several steps were 
taken. First, because the data can be described by a 
straight line on a log-log graph, it was regressed 
using a Freundlich model. The best-fit line is shown 
as the solid line in figure 5. Second, a line parallel to 
the best-fit line can be drawn through the point 
showing the greatest downward deviation from the 
best-fit line (not shown). Because these lines are 
parallel the new line has the same Freundlich expo- 



nent as the besr-fit line. Third, the coefficient of the 
lower line was then calculated. Fourth, an additional 
safety factor of two was applied to generate a mini- 
mum loading line for the evaluation of POE filter 
performance. The safety factor was intended to 
account for lower loadings that are achieved in the 
POE alters that have shorter EBCts than conven- 
tional GAC filters. This literature-based minimum 
loading line, shown in Figure 5 as the dashed line, 
can be modeled by 



«-ta*=I2-<V , -»' 



(5) 



in which q a!umn is the loading in ug EDEJg GAC and 
C is the column feed concentration in ug/L EDB. 

This loading curve was combined with the ECM by 
substituting Eq 5 for q in Eq 1 to predict the break- 
through time of filters. Figure 6 presents the break- 
through time for the standard filters, which contain 
2.2 cu ft of GAC, as a function of different water 
usages and EDE concentrations. This figure shows 
that the breakthrough time is very dependent on 
both these variables. For these POE systems to have 
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a breakthrough time greater than one year; the flow 
raw must be <100 gpd (379 L/d) or have a com- 
mensurate decrease in the EDB concentration. 

Current performance of GAC fitter program 
Fnmigajit concentrations. The EDB-fumigant 
filter program has included an extensive monitor- 
ing program to ensure performance of the filters 
was satisfactory. By the end of 1988, >1 0,000 filter 
influent and effluent samples had been analyzed. As 
expected, the vast majority of the filter effluent 
samples contained no fumigants. the normal fre- 
quency of monitoring has been decreased to one 
set of influent and effluent samples per six-month 
period. Wells with very high EDB concentrations 
are monitored on a more frequent basis. Ideally, 
sampling takes place just before changing the GAC, 
but because of the large number of filters involved, 
the sampling by state representatives and carbon 
changes by the commercial supplier frequendy can- 
not be coordinated. 

All of the wefts within the program's database were 
included because their waters contained EDB. fa 845 
our of 962 (87.8 percent) water sources EDB was the 
sole fumigant identified. Thirty-three wefls (3-4 per- 
cent) were also contaminated with DBCB and 30 wells 
{3.1 percent) contained DBCE EDB, and 1 ,2-dichloro- 
propane (1,2-D). Fifty-three wefls (5.5 percent) were 
comarmnated with 1,2-D and EDB. 2hmM,3-dichloro- 
propene was detected once: however, its presence 
was not confirmed by subsequent sampling. This fumi- 
gant. which is used as a substitute for EDB and DBCft 
has a half-life of only three to 37 days depending on 
soil conditions. 29 Thus, this single detection, is not sur- 
prising. In summary, EDB was present in all the wells, 
and in 12 percent of the wells it was accompanied by 
DBC?, 1,2-D, or both 

EDB concentrations. Figure 7 shows a bar chart 
of the number of filters within selected ranges of 
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average influent EDB con 
traoons. Most of these fi 
treat low concentrations 
percent of the filters h 
average influent concen 
tions <0.I pg/L EDB; n 
than 78 percent have con; 
tra tions <1 pg/L EDB; . 
almost 96 percent have in 
em concentrations <10 p 
EDB. Only one system hac 
average well-water cone 
trarion > 1 1 pg/L EDB . TJ 
given the low influent c 
centrations at many filters, 
likely that for these filters 
maintenance interval coulc 
extended beyond the pr 
emly used six months. 
should be noted that t 
assessment was based on a\ 
age fumigant well-water a 
centrations. However, the well-water EDB cono 
nations are highly variable (Figure 2). 

To address concerns of reduced adsorption cap 
ity because of competitive adsorption from DB 
and 1,2-D, the wefls were separated into two grou 
those contaminated with EDB alone and those w 
EDB plus other fumiganrs. As shown in Figure 
these other contaminants are more frequently fou 
in wells with EDB concentrations >0.1 pg/L. Th 
most wells with low EDB concentrations, which ; 
the most likely to have their carbon replacezm 
period extended, do not contain other con tan 
nants. Thus, competitive adsorption among fur. 
gants will not reduce the length of time the G> 
remains effective within these filters. However, th< 
will still be some competitive adsorption bcrwe 
EDB and NOM. 

The analysis of the EDB breakthroughs obscrv 
within the filter program gives an excellent indie 
tion of how well the filters are performing (Tal 
3). In four years, there have been >50O filter inst 
lations operating using six-month carbon replac 
ment cycles. Thus the total number of filter cycl 
has been more than 4.000. In this period, there w 
a total of 89 alter breakthroughs at 53 different S5 
tony these indude many breakthroughs of the le. 
filter within systems of two filters in series, in whii 
the product water quality was not compromise 
Forty different systems experienced a total of I 
breakthroughs. A large number of these occum 
during the initial stages of the program and we 
primarily caused by excessive ivater usage. Sec; 
were taken to reduce the problem. The breai 
throughs decreased, and only five installations ha 1 
experienced more than one system brcakthroug 
since the inception of the program The low numb 
ol breakthroughs may be biased by the samplir 
infonnarion available. If a breakthrough is deiecte 
the GAC filters are replaced even before the si: 
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month, service. In addition, the filters that have 
experienced breakthroughs are monitored more fre- 
quently. A further consideration is that the GAC 
systems provide complete removal of the contami- 
nant lot the majority of the time, whereas MCLs 
are levels of concern for continuous exposure dur- 
ing a lifetime. 

hi 117 filter systems containing DBCF or 1,2-D 
(or both) there 'were only five brealobroughs of these 
contarninanrs. Thus, the filter performance evaluation 
will be limited to the main contaminant. EDB. 

WateMisa rates. "Water-use rates are extremely 
important because the breakthrough time is a func- 
tion of the feed concentration and the quantity of 
water treated (Kgure 6). Accordingly, the initial fil- 
ter selection criteria were based on these two fac- 
tors (Table L). It should be noted that POE units are 
intended to treat the water used for indoor activities 
only. Individual indoor water usage rates may vary 
significantly, depending on the number and types 
of water appliances in use and on the number cf 
people residing at the home. Average national indoor 
water usage rates are about 60 gped (227 Lpcd). with 
toilet flushing and bathing accounting for 70-80 per- 
cent of the water consumption.' Assuming the aver- 
age home will have four residents, the typical POE 
system at such a home should treat an average of 
240 gpd (908 LM). 



A large number ot die breakthroughs occurred 
during the initial stages of the program, and exces- 
sive water use was suspected to be their principal 
cause because water use was not controlled. Total 
watet meters were installed for ail of the existing 
filters and for all those installed after 1986. Resi- 
dents were also warned about the dangers of exces- 
sive water use. However, excessive water use is still; 
being detected at some locations where filtered watei 
is used for lawn watering and other high wateT con- 
sumption activities. The Honda Department of Envi- 
ronmental Regulation (H5ER) experimented with 
several flow restriction devices to reduce water-use 
rates, but they caused excessive head losses. Because 
these modifications did not work very well and would 
have required the addition of booster secondary 
pumps, they were not implemented. 31 
In addition, the most important factor is 
the total volume treared and not strictly 
the flow rate. Flow-restricting devices 
do not provide the total answer because 
they only reduce the gallons per minute - 
treated, and the resident may still pass 
an excessive number of gallons through 
the filter by keeping the taps on longer. 
Some POO units. Le., those small home 
filters used to treat water intended solely 
for drinking purposes, have automatic 
shut-off valves that are triggered after 
a given number of gallons are treated*. 
Such .an approach would be unrealistic 
because the home would be left- without 
water for a few days until the state sup- 
plier could change the GAC Allowing" residents to 
change the GAC when their systems shut off (because 
of excessive volumes treated) would-be an incon- 
venience to some. For the state, which pays for the 
entire program, this policy would mean a loss of 
quality control because residents might disengage 
the shut-off controls or not maintain the systems' 
properly. Development of a foolproof system is a 
challenge. 

Meter readings are being routinely taken at each 
GAC change and are recorded in HJER's EDB-fumi- 
gant Sker database. It should be noted that for some 
filters the meter readings within the database are 
missing ot have questionable values. For example, 
usable flow information is only available for about 
660 of the 801 standard filters. Average flow rates 
were calculated from the first and last meter read- 
ings within the period of interest, divided by the n'nv 
between these two readings. The flow rates were 
arranged in ascending order, and ihey were plotted 
versus the number of filters with, smaller flow rates, 
i.e., a cumulative average flow-rate graph- Figure 8 
shows the cumulative average flow rate for the 2- 
cu-ft filters from 1987 to mid- 1989. Many systems 
have very low water-use rates, possibly because they 
are at smaller households or vacation residences used 
for only part of the year. The changes in flow rates 
from one filter change to the next seems to show 
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that only a small fraction of 
the filter systems are at'sea- 
sonally inhabited homes. 
However, they may make up 
a larger fraction of those sys- 
tems for which the flowme- 
ter information is incomplete. 
Figure 8 shows that the flow 
rates increase very gradually 
up to filter 400 and then the 
flow rates increase exponen- 
tially. Approximately 400 (out 
of 662 or about 68 percent) 
of the 2-cu-ft filters had Sow 
rates of 250 gpd (946 L/d) or 
less. Many filter systems had 
very high flow rates. Twenty 
wells had flows >800 gpd 
(3,028 Ltd), of which five 
were flows >1,250 gpd (4.731 
L/d) . Because these flow rales 
are very high, to maintain the 
same-length service cycle for 
all the Biters, it is necessary 
to install larger size filters at 
some of these locations. Water 
consumption rates did not 
change significantly wire tone. 

A similar analysis of the 5- 
cu-frfilter systems shows that 
most have low flows. The fre- 
quency distribution pattern is 
very similar to that of the 2- 
cu-ft filters except that the 
highest flow rates are <500 
gpd (1,900 L/d). 

EDB loadings. Perfor- 
mance of the POE titers wishm 
the program will be evaluated 
using the ECM because of its 
simplicity and because there 
are so many filters within the 
program. The equilibrium 
approach was used in con- 
junction with the columnload- 
ings at breakthrough, because 
it considers, at least in panv the 
mass transfer resistances and 
competitive adsorption. Thus, the column loadings are 
necessary to predict the performance of the filters. 

Only 89 EDB breakthroughs have been detected 
(Table 3). Because many of these breakthroughs 
occurred during the initial period during which the 
POE systems did not have flow meters, it is impossi- 
ble to calculate the loadings for these events. Hgure 9 
presents the loadings calculated (using Eq 4) for the 33 
breakthroughs that include flow data. These loadings 
were generally five to 50 times lower than those of the 
minimum loading line from the literature, and they 
showed greater variability than expected. Some spread 
in the data was expected because of differences in the 
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water matrix; however, an investigation showed 
there were two more important reasons for the % 
ability. Krst. many loadings were not accurate bee 
they are based on only one or two data points. , 
second, there were large fluctuations in die well w 
concentrations. Only nine breakthroughs appe< 
to follow the textbook pattern; i.e., the influent c 
cenrrations remain consistent at a relatively high va 
and the effluent concentration is zero until b« 
through starts. The remaining filters showed qi. 
rionable data or showed sharp drops in the well w. 
EDB concentration, which probably caused prcvioi 
adsorbed EDB to desorb, causing the breakthxous 
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lb make sure the loadings from the conventional 
breakthroughs were acceptable, the loadings of all 
the filters without breakthroughs were also calcu- 
lated. Figure 10 presents these loadings along with, 
those loadings from the textbook breakthroughs and 
those of the remaining breakthroughs. The non- 
breakthrough loadings were slightly higher than those 
with breakthroughs; this occurred because many 
breakthroughs were the result of desorprion induced 
by a drop in the well-water EDB concentration. 

The following constraints were applied to increase 
the accuracy of the loading data set Erst, the loadings 
included were those from systems without break- 
throughs. Second, only the loadings that were based 
on five or more data points were used. Third, the fil- 
ters with nondetectable EDB levels in the well water 
were eliminated. As shown in figure 1 1, this subset 
of loadings still shows some scatter, but their values 
axe higher. Also, the Ererarure-based minimum load- 
ing curve describes this selected data sei very wefl. A 
regression of this data jet shows that a slightly dif- 
ferent loading curve would be obtained, but given 
rhat tih>» Bfi-ranirp TTrfrrirvHmi lnariing Hne was obtained 

independentry, its predictions are excellent It should 
be noted that because these filters had not reached 
breakthrough, their breakthrough loadings will prob- 
ably be higher. 

Expected offset of changing the interval 
between carbon replace m ents 

The expected effect of diangrng die carbon replace- 
ment period was based on the predictions of the ECM 
model (Eq 1) coupled with the loadings described 
earlier. These predictions were conducted for all wells 
based on their individual average influent EDB con- 
centration and average flow rate. The filter loading 1 ;, 
latumn ^om E q 5, the m i nim um loading curve 
obtained from the literature review, -were substituted 
for q n in Eq I to calculate the filter life. 



The nominal 2- and 5-cu-ft filters 
were analyzed separately There were 
only 720 wells with the 2-cu-ft size and 
66 wells with the 5-cu-ft size with suf- 
ficient data to be included in the calcu- 
lations. Figure 12 shows the percentage 
of the 2-cu-ft filters (out of 720) that 
fail as a function oi carbon replacement 
time. The minimum loading line pre- 
dicts that about 9 percent would fail 
using a six-month carbon replacement 
period. However, during the past four 
years, only 38 (or 4 percent) 2-cu-ft fil- 
ters have shown EDB breakthroughs 
with such a carbon replacement period. 
This confirm'; that the minimum loading 
line is conservative. 

If a nine-month carbon replacement 
period is implemented, it is expected 
that IS percent (130 out of 720) of the 
wells will fail. A review of these predic- 
tions for possible parcems showed that 
an excessive flow rates through the filters is the main 
reason for failure before nine months. Nearly 85 
percenr of the wells predicted to fail at nine months 
had flow rates of >350 gpd (1,325 L/d). Of the wells 
with average flow rates of <270 gpd (1,022 L/d}, 
only four failed, and these had average EDB con- 
centrations of 60 pg/L or higher. Given these con- 
centrations, 5-cu-ft filters should have been installed 
at these locations. 

To continuously produce safe water at the loca- 
tions with high flow rates, it is necessary to get the 
users to reduce their water consumption, to install 
larger filters, or to increase the frequenCY of the 
maintenance service. Because of the rwrerrdally high 
cost of the second option, the first and third options 
should be seriously pursued. It is important to inves- 
tigaK further and implement some form of corrective 
action at at least, the five installations with more 
than one system breakthrough- As discussed earlier, 
the installation of flow-control devices does not nec- 
essarily reduce the total volume of water treated, 
which is the direct cause of the premature break- 
throughs. However, such devices may reduce the 
problem and should be added, at least, to all the sys- 
tems with excessive flow rate. Otherwise, the main- 
tenance period of these filters should be shorter than 
six months. 

These predictions sit quire conservative because 

(1) the nonbrcakthrough data are conservative and 

(2) the miniTmrm loading curve, which describes 
the nonbreakthrough data well, predicted several- 
fold more breakthroughs.than were observed in 
the field. A more conservative loading curve will 
minimize all possible breakthroughs that are due 
to inaccuracies in the minimum loading curve or 
desorprion induced by concentration fluctuations. 
A more conservative loading equation was obtained 
by using the equation from the lower 95 percent 
confidence interval for the regression of the non- 
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breakthrough, loadings- {Figure 1 1). This 
loading is 



««ta*, = 5.05'C^*« 



(«) 



This equation represents the addition 
of a safety factor of two to the minimum 
loading curve, already a conservative 
model. Thus, there should be a high 
degree of confidence in the safety of the 
predictions by this model This new equa- 
tion was used to reevaluate the filters 
within die program. Figure 13 shows that 
even with this mare conservative crite- 
rion, 50 percent of the wells could oper- 
ate safely with a nine-month carbon 
replacement period. As this implies that 
maintenance periods of different lengths 
would be required, a third and more fre- 
quent interval could easily be added for 
the systems with excessive flows. 

The 5-cu-ft POE systems (i.e., two 
nominal 2-cu-ft filters in series) have not shown 
breakthrough over the past four years, whereas the 
literature-based loading curve predicted approxi- 
mately 9 percent of the filters would fail with a six- 
month replacement interval. So again the minimum- 
loading line is probably conservative, but the moni- 
toring may have missed the breakthroughs. Calcula- 
tions for the nine-month replacement period pre- 
dicted only seven breakthroughs. These failing systems 
had flow rates of >420 gpd (1.590 Ud) . Thus, for this 
size system, the flow rate is also critical. 

Conclusions 

Florida's EDB-firmigant filter program consists of 
nearly 1,000 POE GAC filter systems installed to treat 
EPS-contaminated groundwater. Because of the rel- 
atively high cost of chemical analysis compared with 
the cost of carbon replacement it is more practical to 
ensure safe water by designing very conservative sys- 
tems ami forming rajratoring. Florida's FOE design cri- 
teria and six-month maintenance period have been 
very effective; there have only been a few recorded 
EDB breakthroughs. These premature breakthroughs 
can be attributed to excessive water use and to des- 
orpoon induced by sharp variations in the well-water 
EDB concentrations. 

All of the wells in Florida's program were conta- 
minated with EDB, and 12 percent of the wells also 
contained DBCP or 1,2-D. More than 76 percent of 
the wells had average EDB concentrations <1 pg/L 
and contamination with other fumigants occurred 
much more frequently in the wells with higher EDB 
concentrations. Thus competitive adsorption with 
other fumigants should nor be a problem in the wells 
with lower concentrations of EDB, which are those 
most likely to have their carbon replacement period 
extended. 

The EDB loadings from the literature were very 
consistent. Because of the well-water variability, de- 
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sorption, and the limited data, available, the load 
calculations for Florida's program had to be conduc 
very judiciously. Most of the more reliable field d 
were from filters that had not reached breakthrou 
therefore, they underestimate the true loadings t 
certain extent. These loadings were surprisingly d 
to a literature-based Tninimirm loading line. 

Because these field loadings include the effect 
mass transfer resistances for filters of this size i 
comrjetmve adsorption effects, the equilibrium cote 
model can be safely used to predict the performaj 
of the filters within the program. Such an evali 
. tion based on the minimum loading line in the lit 
ature is conservative because many more bre; 
throughs are predicted than have been observed in 
field. These predictions showed that for 72 percem 
the filters, the carbon replacement period could sai 
be extended to nine months. To greatly increase c< 
fidence that safe water is being provided, a more a 
scrvarive loading curve was developed. It is based 
the lower 95 percent confidence limit of the da 
and it predicted that 50 percent of the wells coi 
safely undergo a change to a nine-month rnair^ 
nance period. Most of the remaining systems shoi 
retain the six-moath maintenance cydes. The p: 
dictions showed that excessive flows are the mi 
reason that POE systems would fail under an extenc 
carbon replacement period. Flow- restriction devi< 
or more frequent GAC replacements are required 
these filters- 
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Removing EDB from Drinking Water 

Cost and Performance of Carbon Fitters 



Florida has come a long way 
toward rectifying the EDB 
problem since it was first 
discovered in the state's 
drinking water in 1983. A 
major contribution has been 
granular activated carbon 
adsorption. 



Michael D. Webb, P.E. 

Florida Department of Environmental Regulation 

Ethylene dibromide (EDB) had been used as an agricultural 
chemical more than 40 years when it was discovered in 1983 in 
ground water supplies in Hawaii. It had been thought to degrade 
rapidly when it entered the soil with no permanent detrimental 
effects to nearby ground water. After being notified of the 
discovery by Hawaii, Florida started an EDB testing program, 
since the chemical had been used in abundance for control of 
nematodes in citrus, peanuts, and other crops. Test results 
confirmed its presence in a number of wells. 

An EDB task force, later changed formally to the Ground Water 
Protection Task Force, was formed from the Florida Department 
of Environmental Regulation (FDER) and the departments of 
Agricultural and Consumer Services, Transportation, Health and 
Rehabilitative Services, and Community Affairs. Its purpose was 
to perform further extensive testing and determine ways to correct 
the problem. State funding was provided only in areas where EDB 
had been applied by a state agency. 

Testing of Wells 

The testing program included all counties. Samples were 
collected mainly by the County Health Units and additional 
personnel hired by the FDER. Analytical work was performed by 
the Department of Health and Rehabilitative Services, the 
University of Florida, and Florida State University." Approximately 
11,000 wells were tested, and about 1300 showed contamination 
ranging froni the detection limit of 0.02 micrograms per liter (ug/1) 
to about-700 ug/1. Contaminated wells were found in 21 counties, 
with the most sites being in Polk, Highlands, Grange, Lake/ and 
Jackson Counties. Most of the cxmteminatect' wells served private . 
residences, but a number of small public installations, and several 
larger supplies; including Lake Wales, Lake Alfred, and Desoto 
City, were identified. 

Solving the Problem 

The short range solution to the EDB problem was to provide an 
interim source of uncontaminated water to the persons affected. 
Originally, bottled water was delivered and the home owner was 
informed of the availability of an alternate, uncontaminated 
source. If the home owner were handicapped or otherwise unable 
to obtain water from the alternate source, delivery of bottled water 
was continued. 
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The long range solution, obviously, 
was to remove EDB from the water 
supply, or to obtain another water 
source that met drinking water 
standards. 

One approach was to construct new 
wells in the same general area but into 
a deeper aquifer. A private firm was 
contracted to construct 12 such wells 
in areas of contamination, Unfor- 
tunately, nine of the new wells tested 
positive for EDB. The conclusion was 
that this was not a reliable method. 

At this point FDER and EPA con- 
tracted jointly with a private consult- 
ing firm to investigate the feasibility of 
removing EDB from water by air strip- 
ping and granular activated carbon ad- 
sorption (GAQ. We knew work had 
been done in the past using these 
methods to remove a variety of organic 
chemicals from water, but we could 
find no data relating to the removal of 
EDB. Both methods were found to re- 
duce EDB significantly — air stripping 
by 99 percent and GAC by 100 percent 
(Evaluation of the Treatability of 
Ethylene Dibromide and Dibromoch- 
loropropane by Activated Carbon and 
Packed Column Air Stripping, En- 
vironmental Science and Engineering, 
Inc., Gainesville, Florida). Because of 
the low maximum allowable concen- 
tration level of EDB set by state drink- 
ing water standards (0.02 ug/1), it was 
decided that GAC adsorption would 
be the more suitable method. 



Small Whole-House GAC Filters 

The state initially had to decide wheth- 
er to provide filters only at the . 
homeowners' drinking water taps 
("point-of-use filter") or on the well 
pump discharge ("whole-house fil-. 
ter")- To provide the maximal degree 
of safety by eliminating EDB exposure 
from ingestion, inhalation, or dermal 
absorption, whole-house filters were 
chosen. They were installed on two pri- 
vate wells having concentrations of 
about 10 ug/1 and 700 ug/I. EDB was 
removed to below the detection limit 
in both cases. 

Whole house-filter design specifica- 
tions were developed from data collect- 
ed from the two test wells. Two final 



designs were developed — for installa- 
tions having up to 10 ug/I contamina- 
tion, treatment consisted of a single, 
two cubic foot GAC unit, cartridge 
prefilter, and ultraviolet (UV) light 
source; for contaminations greater 
than 10 ug/1, a second GAC unit was 
added, and in some cases multiple 
units were necessary. 

The final designs, installed on more 
■ than 500 private wells through Decem- 
ber 1986, have been operating effec- 
tively in most cases (removal to below 
the detection limit of 0.02 ug/I). In iso- 
lated instances, excessive water usage 
(severe fixture leakage or commercial 
use) has caused premature break- 
through of the filters. 

The carbon and UV units are nor- 
mally replaced every six months, but 
many of the test cases were operated 
without breakthrough or Other prob- 
lems for nine months. 

The cost of the whole-house filter is 
about SI ,200 for the single-GAC unit 
and $1 ,850 for the dual unit. Annual 
costs are about $620 and S10$0, respec- 
tively. 

GAC Filters for Public Water 
Supplies 

Nine EDB removal facilities were con- 
structed for public water supplies. The 
facilities varied in flow rate from 70 
gallons per minute (gpm) to 4.3 million 
gallons per day (mgd). Empty bed con- 
tact times ranged from about five to 
twelve minutes. Comprehensive oper- 
ating data are not yet available, but 



preliminary results indicate GAC 
filters effectively remove EDB from 
these supplies. 

Larger installations are multiple, 
parallel tanks, while the smaller ones 
usually have two filter tanks in series 
and arc piped such that the influent 
water can be changed from the ex- 
hausted filter to the partially used Fil- 
ter while the exhausted filter is being . 
replaced. EDB sampling intervals 
range from monthly to once every 
three months.. After more data are col- 
lected, the intervals may change. 

So far, data adequate to calculate 
carbon usage rate have been collected 
from only one large and one small in- 
stallation. The large filter was a 100 
gpm, 67 cubic foot unit that operated 
"44 months before breakthrough. The 
small filter was a high usage rate, two 
cubic foot unit that operated about one 
month. The actual usage rates are 
compared to chose calculated in the 
laboratory and in a pilot plant study 
in Table 1. 

All of the filter units were installed 
in existing treatment facilities, and the 
required modifications and resulting 
cost varied widely. A typical example 
would be insufficient pumping capac- 
ity at the required discharge head, 
necessitating a new or reworked pump. 
Electrical wiring, instrumentation, and 
other components also may need to be 
reworked. Capital and engineering 
costs of several GAC installations are 
compared in Table 2. 

Continued Page 21 
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EDB from Page 11 Table I. Carbon Usage Rates for Adsorption of EDB from Water. 



Laboratory Data 



EDB Influent 
Concentration, ng/1 

473 
96 
89.7 
45 

4.7 

1 



Carbon Usage Rate, 
poands/1000 gallons 



Pilot Plant Data 

Actual Operation, 

Large Filter 0.5 

Actual Operation, 

Small Filter 14 

Table 2. GAC Costs 

Size of Units 

4 at 670 cu ft, 2.9 mgd capacity 
6 at 760 cu ft, 4.3 mgd capacity 
2 at 60 ca ft, 100 gpm capacity 
2 at 30 cu ft, 90 gpm capacity* 
2 at 74 cu ft, 220 gpm capacity* 
2 at 24 cu ft, 70 gpm capacity* 
2 at 27 cu ft, 80 gpm capacity* 
2 at 32 cu ft, 75 gpm capacity 
•Engineering costs not included. 
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October 27, 1983 

Mr. Richard J. Kiltacx 

Research Engineer 

Brisking Water Research Division 

USEPA 

26 Vest St. Clair 

Cincinnati, OH 45268 

Dear Mr. Miltner: 

I was pleased to talk with you last Friday about Che work both OSEPA and 
Calgon have been doing to evaluate the removal of trace concentrations of 
1,2-dibromoethane (DBE) from vater by activated carbon adsorption. It vas 
gratifying to see how closely your isotherm data obtained with Calgon 
FS-400 carbon agrees with out isotherm data generated with FS-300 carbon. 

Figure 1, attached, shows the adsorption isotherm we obtained using FS-300 
carbon and DBE in deionised, distilled vater. I have taken the liberty of 
including your FS-400 adsorption data for comparison. Table I shows 
minimum expected carbon uses for complete removal of BEE from water in a 
veil designed column adsorber using the isotherm line is Figure 1. 
Table 11 shows the results of an Accelerated Column Test we performed to 
demonstrate that carbon column adsorption can achieve effluent DBE 
concentrations below 0.02 ug/l (20 ppt). The low level BBE analyses were 
performed using a modification of the California State l>epartment of Health 
Services Method for the analysis of 1 ,2-dibTomo-3-chloropropane (BBC?) in 
water. This liquid-liquid extraction method vas chosen based upon our 
experience with BBCP in California and discussions I had with USEPA 
analytical specialist Bob Turner: * 

Calgon looks forward to continued cooperation with USEPA in solving the 
difficult problems of protecting and restoring the quality of our nation's 
groundwater. We are eager to receive a copy of your new paper on carbon 
adsorption isotherms of volatile organic compounds At low concentrations. 
Calgon has much valuable dynamic column adsorption data for these same 
volatile compounds in groundwater that may be of interest to OSEPA. 



Sincerely, 




Danny z. fiercer 
Research Chemist 
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Distribution 
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DATE 
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uttroduction 

In response Co Che concern over lov level contamination (20--1OO ppb) of 
groundwater by Che compound 1 ,2-dibromoethane (DBE), Carbon BAD performed 
carbon adsorption teats to determine: 1) Che adsorption capacity of FS-300 
Carbon for BDE, and 2) Co demonstrate the feasibility of using FS-300 
Carbon in a column adsorption system to reduce the concentration of DBE to 
less than 0.1 ppb (us/1). 

SPHMARY AHD COSCI.PSI0KS 

A 0.557 Kg/1 synthetic solution of DBE was rescted with various doses of 
FS-300 activated carbon in tero-headspsce resction flasks to generate the 
isotherm shown by Figure 1. A 0.06 »g/l (60 ppb) synthetic solution of DBE 
was tested by the Accelerated Column Test to demonstrate the feasibility of 
using FS-300 activated carbon to raduce the DBE concentration to less than 
O.l ppb (ng/I). From these test*, the following conclusions can be drawn: 

theoretical FS-300 Carbon usage data for complete removal of DBE from a 
synthetic solution. The data show that in jche_abaence of competitive 
adsorption, the FS-300 Carbon use rites for removal of DBE in a 
properly - designed column adsorption system are less than 0.2 lb/1.000 
gallons of water treated for influent DBE concentrations less than 0.3 
mg/I i300 ppb; . 

2. Table XI presents results from an Accelerated Column Teat simulating 
the treatment of a 60 ppb synthetic DBE solution in a standard 10 ft Q 
adsorber containing 20,000 lbs of FS-300 Carbon operated at a surface 
loeding rate of 3 gpm/sq ft and an empty bed contact time of 23 
sinutes. The €»ta shov that the DBE concentration sen bs cffsctivclv 
reduced to leas than 0.1 ppb. 
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TABLE I 






MINIMUM THEORETICAL CARBON D SAGE 


FOR COMPLETE 


REMOVAL 


OF 1,2-DIBROMOETHANE 


BY 


FS-300 CARBON 






Miniflium Theoretical 


Co 


X/M 
(mg/g) 




Carbon Use 


<Bg/l) 


(g/l) 




(lb/1,000 Gal) 


0.300 


15 


0.020 




0.17 


0,200 


13 


0.OI5 




0.13 


0.100 


9 


0.011 




0.09 


0.050 


5 


0.010 




0.O8 


0.020 


3 


0.007 




0.06 



DLM/job 
10/13/83 
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TABLE II 

ACCEUHATEP COLPHN TEST EIKDLATIOK OF 1 . 2-PIBROHDgTHAHE 
KEMOVAI FROM A SYNTHETIC SOLUTIOH BY A COLUMN ADSORBER 
~" OF FS-30Q ACTIVATED CAXBON 



Teit Condition* Simulated 



now Rate - 240 goo 

Adsorber Ciaenaiona - 10 ft 9 x 10 ft high 

Surface Loading Rtte - 3 gpo/«<j ft 

Carbon Weight *• - 20,000 lb« 

Empty Bed Contact Tia« - 23 minutes 





DfcE Cone. 


Staple 


Oig/l> 


reed #1 


61 


Feed 42 


60 


Composite Effluent #1 


•C0.02 


Cotnpoaite Effluent #2 


<0.02 



DLM/job 
10/13/83 



UtS/U7/ati FRI 14:07 FAI 
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Wafer Treatment 



The Cost of Acton's GAC Treatment 


Installation cost 






Foundation and site work 




S 5,500 


Piping 






(material only; labor fay 






district employees) 




20,000 


Crane rental 




1.100 


Caigoa set-up 






(including activated carbon) 




60,400 


Miscellaneous 






(diemical feeder, alarms. 






fence, etc.) 




6.400 




Total 


S93.400 


Monthly operating cost 






CaJgon rental 




$ 4,945 


Electricity for well pump 




1,800 


Sampling and testing 




2,000 




Total 


S 8,745 



Environmental Quality Engineering and 
the federal EPA, but cores private firms 
also wets employed for toe task. At 
least two lab* performed analyses on 
samples taken weekly from the influent, 
the effluent from each of the adsorbers, 
and samples from several outlying 
monitoring wells- 
Construction started in May 1982 
and, by June, water from Assabet No. 
1 was pumped through the adsorbers. 
During che first two weeks the system 
was in operation, the effluent was dis- 
charged into the Sinking Pond aquifer. 
After laboratory testing confirmed the 
treated water's purity, approval was 
granted in July J982 to pot Assabet No. 
I back into the municipal system — after 
its 3 'A -year absence. Now, the water is 
fluoridated prior to GAC treatment 
and, after treatment, is chlorinated to a 
0.25 mg/L residual. 

Early tests showed the raw water 
pumped from the well did not contain 
any detectable level of volatile organic 



contaminants. This was expected, be- 
cause the normal groundwater flow 
pattern in the. Aquifer under non-pamp- 
ing conditions would carry the plume of 
contamination past this well. Pumping, 
however, was expected to eventually 
draw contaminated water into the welL 
A second reason for the lack of mea- 
surable contamination was the inter- 
cepting effect of the' pumping of Assa- 
bet No. 2, which was being piped to 
Sinking Pond by the chemical company 
as part of its pumping test of the aqm- 
fer. 

After one month of pumping, the 
first chlorinated hydrocarbons were de- 
tected in the raw water. The two pri- 
mary contaminants were 1,1,1 trichlo- 
roethane and 1,1 dichloroethylene. 
Contaminant concentrations continued 
to increase for the testing duration, 
reaching a level in excess of 150 parts 
per billion. 

Contamination levels exceeding the 



water district's standard of S.O pans per 
billion for total volatile organics were 
not measured in the effluear from the 
first adsorber until after 27 weeks of 
continuous use. During this period, fh 
GAC in the adsorber bad treated a tot 
of 88 million gallons of waier. 

The average influent concentrations 
of trichloroeihane and dtchioroethyleae 
were 40 parts per billion 2nd 1.5 parts 
per billion, respectively. Under these 
. conditions, carbon usage at the pilot 
plant was 0.34 pounds per 1,000 gallons 
of treated water. 

Final treatment costs cannot be es- 
tablished until the raw- water quality 
stabilizes. Factors affecting the cost of 
treating water with CAC include the 
types and concentrations of contami- 
nants in the influent, the flow rate, and 
the effluent criteria. 

This pilot plant demonstrated GAC 
couid effectively remove contaminants 
in the concentrations found in the Sink- 
ing Pond aquifer. 

Yet, raw water contamination levels 
continued to increase. The district eval- 
uated air stripping in packed cowers as 
a prctrtaunem to extend the life of the 
GAC. In early 1983, the district voted 
to make a carbon installation perma- 
nent, and to develop and install an aer- 
ation system. In addition, the district 
appropriated Sll,000 to purchase a 
portable gas cbromatograph. This in- 
stmzaent wai augment rne present sam- 
pling program and monitor water qual- 
ity at other wells. 

Acton's approach to combat contam- 
ination and manage groundwater re- 
sources is a model for commtmities fac- 
ing similar problems. Until now, finan- 
cial considerations usually prompted 
municipalities to seek abxraaiive water 
sources instead of treating contami- 
nated existing supplies. Acton's experi- 
ence has demonstrated that treating wa- 
ter contaminated by volatile organics is 
an economical and viable procedure. D 



John E. MacLeod » district ma/tagrr of 
the Acton Water District. George R. Al- 
lan Is vice presiitatt of the consulting firm 
of Dufrtsne Huvy, Inc. 
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INTRODUCTION 

Granular vapor phase activated, carbons for the removal of 
gaseous contaminants and condensible vapors from eas strea-~ . 
have been employed for many years. Considerable data c 
be found in literature on the adsorption of specific cases and 
vapors; and proven methods exist for the design of columns 
for continuous gas purification and solvent recovery. 

Granular, regenerate activated carbons, for the removal of 
soluble colorants and contaminants from liquids, are of recent 
origin. Most of the published data in the field of liquid phase 
activated carbon adsorption are applicable only to pulverized 
carbon in batch systems. A sound method for predicting the 
general performance of granular carbon in columns from 
batch data is not available at this time. Consequently, until 
valid mathematical data can be established, each new applica- 
tion for granular carbon must be considered individually. This 
discussion is primarily concerned with descriptions of the lab- 
oratory procedures that we have found most valuable for 
obtaining preliminary column design data for use of granular 
activated carbon in liquid phase applications. 

Whether granular activated carbon is being considered for 
a new application or for the replacement of a pulverized car- 
bon system, it is essential to determine its efficiency and the 
related advantages for the specific application. A complete 
laboratory investigation, in general, would consist of two 
parts. First, preliminary tests would be performed to demon- 
strate the feasibility of granular carbon treatment. Secondly, 
laboratory column tests would be made to obtain operating 
capacities as well as plant column design data. 

Depending on the amount of background knowledge av; 
able, the preliminary tests will in some cases be unnecessary. 
Let us assume, however, for the sake of discussion, that we 
are dealing with an application about which little is known, 
and consider first the preliminary investigation. 



ADSORPTION ISOTHERMS 
Theory 

A relatively simple method of investigation is available con- 
cerning the feasibility of column treatment with granular acti- 
vated carbon for a particular application — that is by inspec- 
tion of the decolorization or adsorption isotherm. A liquid 
phase isotherm shows the distribution of adsorbate between 
the adsorbed and the solution phases and is a plot of the 
amount of impurity adsorbed against the amount of impurity 
remaining in solution. In the case of liquid phase applications, 
we can generally obtain straight line plots by making use of 
the empirical Freundlich equation which relates the amount 
of impurity in the solution phase to that in the adsorbed phase 
by the expression: 

x/m = kc Vn 

where x — amount of color adsorbed 
m = weight of carbon 
x/m = concentration in the adsorbed state (i.e., t*"" 

amount of color adsorbed per unit weight ) 
carbon) 
c = equilibrium concentration in solution after 

adsorption 
k and n are constants. 

Taking logs of both sides: 

log x/m = log k -J- V n l°g c 



which is the equation of a straight line whose slope is */n and 
whose intercept is k at c = 1. Therefore, if x/m is plotted 
against c; on log-log paper, a straight line should be obtained. 
/ is is true for most of the systems encountered, primarily 
» -cause we are normally concerned with the removal of low 
concentrations of contaminants or colorants and the Freund- 
lich equation holds quite well for dilute solutions. 

Experimental 

Data for plotting isotherms are obtained by treating fixed 
volumes of the liquid to be tested with a series of known 
weights of carbon. The carbon-liquid mixture is agitated for 
a fixed time at constant temperature. After, the carbon has 
been removed by filtration, the residual color of the solution 
is determined. If the impurity is colorless, the residual concen- 
tration may be measured by an alternative analytical method. 
From these measurements, all of the values necessary to plot 
an isotherm may be calculated. 

SELECTION OF 
EXPERIMENTAL CONDITIONS 

Temperature 

If the solution to be treated has a viscosity in the vicinity of 
six centipoises or less, the isotherm tests may be performed 
at room temperature. However, if the liquor is more viscous, 
such as a sugar syrup, or is solid at room temperature, such 
as a wax, it is necessary to increase the temperature to obtain 
a liquid sufficiently fluid to ensure good contact with the car- 
bon. A good rule to follow is to employ temperatures no 
]her than necessary to obtain the desired viscosity char- 
acteristics. In many cases, temperature limits will be imposed 
by the thermal stability of the material being tested or by 
existing plant practice. 



Effect of pH 

Activated carbon may affect the pH of a liquid it contacts 
either by the dissolution of a portion of its inorganic ash con- 
stituents or by the preferential adsorption of acidic or basic 
ingredients from the solution. Any effect of this kind will be 
greater at the higher carbon dosages. The final pH of the solu- 
tion may affect the adsorption equilibrium and in addition 
may affect the color of the solution. If changes of sufficient 
magnitude occur to alter the color of the solutions, they 
should be adjusted to the same pH value as the blank before 
color readings are obtained. 

Also, the pH of the solution being tested may affect the 
carbon efficiency. Adsorption of organic molecules is gen- 
erally more efficient at their isoelectric point. 



Particle Size of the Carbon 

In a liquid-phase application, the transfer of the adsorbate 
from the bulk solution to the carbon particle must proceed 
through at least two stages. 

1 . Transfer of the adsorbate molecule from the bulk liquid 
to the surface of the carbon particle. 

2. Migration of the adsorbate from the surface of the car- 
bon to the adsorption site within the particle. 

It is known from kinetic experiments that step 1 is appreci- 
ably more rapid than step 2 and the latter is probably the rate 
determining step. The rate of adsorption then will vary with 
the diameter of the carbon particles used in the test. In order 
to eliminate this variable, or at least minimize its effects, it is 
recommended that the granular carbon be pulverized so that 
95% will pass through a 325 mesh screen. 



Contact Time 

A minimum of one hour is recommended. It is advisable to 
perform a preliminary experiment in which fixed volumes of 
the test liquor are contacted with a fixed weight of carbon for 
one, two, three and four hour periods. If per cent color re- 
moval is plotted as a function of time, a curve similar to 
Figure 1 will be obtained. A contact time sufficiently long to 
ensure a reasonable approach to equilibrium should be chosen. 
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Figure 1 — Contact Time Curve 



Carbon Dosage 

For preliminary trials, dosages of 0.5, 1.0, 2.0 and 5.0 grams 
per 1 00 ml. of solution may be used. If the five gram dosage 
is not sufficient to effect the desired degree of impurity re- 
moval, higher dosages should be tried until that degree is 
attained. If on the other hand, one of the intermediate dosages 
is sufficient to effect complete or satisfactory purification one 
or two lower dosages should be tried. In order to obtain a 
satisfactory isotherm, as wide a range of decolorization as is 
practical should be obtained. 



APPARATUS 

Pulverizing 

If suitable mechanical equipment, such as a laboratory Ball- 
mill, is not available, sufficient pulverized carbon for the test 
work can be obtained from Pittsburgh Activated Carbon Co. 



Carbon Treatment 

Stoppered flasks or pressure bottles serve as satisfactory con- 
tainers for the carbon-liquor mixture. Manual agitation even 
at frequent intervals is usually inadequate and a mechanical 
shaker is desirable. If a constant temperature bath is used the 
design of the shaker should be such that it permits immersion 



■ of the lower parts of the containers in the. bath, as shown' in 
Figure 2. (A Burrell Wrist Action Shaker, Catalogue No. 
75r775, has been found quite suitable in our laboratories.) 



^^S^^^^^^SSSS 
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Filtration 

Either a laboratory pressure filter similar to the Horrn Model 
No. 1 *(Hormann and Company, Newark, New Jersey) or 
Buchner funnels and filter flasks may be employed. 



•Asbestos disks for this pressure filter can be obtained from National Aluminate 
Corporation, Chicago, Illinois. 



Color Determination 

Any reliable colorimeter or spectrophotometer may be used. 
All readings should be made at the same wave length and 
standardized to constant cell depth. Visual comparison with 
prepared standards k less accurate but may be used if suitable 
instruments are not available. 

Additional Equipment 

In addition to the above list, an analytical balance, an electric 
drying oven, a pH meter or pH test paper and a delivery 
burette or graduated cylinders are necessary. 

PROCEDURE 

1. Pulverize a representative sample of the granular carbon 
(a 10-20 gram sample is usually adequate) so that 95% 
will pass through a 325 mesh screen, or use material sup- 
plied by Pittsburgh Activated Carbon Company. Oven dry 
the pulverized sample for three hours at 150°C. 

2. Obtain a representative sample of the liquor to be tested. 
Any suspended matter should be removed by filtration. 

3. Transfer four different weights of the oven dried pulverized 
sample to suitable containers. Sample weights should be 
chosen in accordance with the suggestions' given under 
Carbon Dosage. 



.4. To one container add 100 ml. of test liquor from a delivery 
burette or graduated cylinder, and clamp the container on 
the shaker. If a constant temperature bath is used, the 
shaker should be so designed to permit immersion of 
lower part of the container containing the carbon-liqu^i 
mixture in the bath. Agitate the mixture for the chosen 
contact time. The bottles may be filled and placed on the 
shaker at ten or fifteen minute intervals to give the analyst 
sufficient time to filter each sample immediately after the 
contact time has elapsed and to determine the residual 
color or concentration. The same volume of liquor should 
be added to a container without carbon and subjected to 
the same procedure in order to obtain a blank reading. 

5. After the chosen contact time has elapsed, filter the con- 
tents of the flask through either a laboratory pressure filter 
fitted with an asbestos disk or through a Buchner funnel 
containing a filter paper inserted in a filter flask connected 
to vacuum. It is desirable to discard the first and last por- 
tions of the filtrate and save only the middle portion for 
analysis. The blank should be filtered in the same manner 
as the other samples. 

6. Determine the color of the filtrate by an accepted method. 
If the removal of a colorless contaminant is being investi- 
gated, the residual concentration can be determined by an 
alternative analytical procedure. 

7. Tabulate the data as shown in Table I. The residual solu- 
tion color or concentration, c, is obtained directly from the 
filtrate analysis. The amount adsorbed on the carbon, x, is 
obtained by subtracting the value of c from that of c , the 
influent concentration. Dividing x by m, the weight 
carbon used in the test gives the amount adsorbed per u. 
weight of carbon. 

8. On log paper plot c on the horizontal axis against x/m on 
the vertical axis and draw the best straight line through 
the points, as illustrated in Figure 3. 

TABLE I 
TREATMENT OF ISOTHERM DATA 



m 

Weight of 

Carbon 

(g./100 ml. 

solution) 


c 

Residual 

Solution 

Color 


Color Adsorbed 


x/m 

Color Adsorbed 

Per Unit 

Weight 





7.70 





— 


0.05 


3.67 


4.03 


80.6 


0.1 


2.20 


5.50 


55.0 


0.3 


0.87 


6.83 


22.8 


1.0 


0.25 


7.45 


7.5 




Figure 3 — Typical Decolorization Isotherm 



Interpretation of the Isotherm 



\ om the isotherm it is immediately apparent whether or not 
tne desired degree of purification can be attained with the 
particular activated carbon tested. Considerably more infor- 
mation can be obtained from a more detailed examination. 



CALCULATION OF ADSORPTIVE CAPACITY 

If a vertical. line is erected from the point on the horizontal 
scale corresponding to the influent concentration (c„) and 
the isotherm is extrapolated to intersect that line (Figure 3), 
the x/m value at the point of intersection can be read from 

the vertical scale. This value, termed { — I represents the 

amount of impurity adsorbed per unit weight of carbon when 
that carbon is in equilibrium with the influent concentration. 
Since this equilibrium should eventually be attained during 
column treatment, it represents the ultimate capacity of the 
carbon. 



From the value 



-©. 



the capacity in terms of volume 



of liquid treated can be calculated. 
For complete decolorization: 

Wc 



V. _ 



.V 



where V r 



= theoretical volume of liquid decolorized per 
gram (or unit weight) of carbon 

I j- J = capacity per gram (or unit weight) of carbon 
^ ' c ° at the influent concentration 

V = volume of liquid used in the isotherm test 
c„ = influent concentration 

This formula is only applicable when complete decoloriza- 
tion is attained. When the decolorization is not complete or 
if it is desired to calculate the volume of liquid decolorized to 
concentration c„ the following formula may be used. 



V c = 



\ m /c. 



EXAMPLE OF CAPACITY CALCULATIONS 



From the example in Table I 



/ ~or complete decolorization 

159 
x 100 = 2065 ml./g. carbon 



v c = 



7.7 



For 90% decolorization 
159 



7.70-0.77 



x 100 = 2294 ml./g. carbon 



From these figures, the carbon dosage required to effect a 
given degree of decolorization may be obtained. For example, 
the amount of carbon required to completely decolorize one 
liter of solution is 

i 

x 1000 = 0.48 grams 



2065 



COMPARISON OF DIFFERENT CARBONS 

The performance of two carbons for the same application can 
be conveniently compared by examination of the isotherms 
obtained under identical conditions. Isotherms obtained for 
two carbons A and B using the same test liquor are plotted 
in Figure 4. The numbers adjacent to the experimental points 
indicate grams of carbon used in the test. 




i i i i i i i i 



0.01 0.1 

Fraction of Color Remaining in Solution 



1.0 



Figure 4 — Parallel Isotherms 

The two carbons can be compared at any desired degree of 
decolorization by drawing a vertical line from that concen- 
tration on the horizontal axis and reading the x/m values 
corresponding to the points of intersection of that line with 
the isotherms on the vertical axis. Such a line has been drawn 
at 95% color removal in Figure 4 and the following x/m 
values are obtained: 

(x/m) A = 0.28 

(x/m) B = 0.52 

The relative efficiency of carbon A with respect to carbon 
B can be calculated from the equation. 

% Relative Efficiency = (x/m) ^ x 100 
(RE) 



(x/m)] 



In this case 



0.28 

% RE = x 100 = 53.8% 

0.52 

Parallel isotherms were obtained in the case illustrated here. 
Consequently the relative efficiency will be independent of the 
decolorization effected. If the lines are not parallel, however, 
the RE will vary with the final concentration at which the 
comparison is made. 

It should be emphasized that highly misleading results can 
be obtained by making the erroneous assumption that two 
carbons can be compared for a granular carbon column appli- 
cation by comparing the decolorizations effected by the same 
dosage of the two carbons. 



For example, 4 grams of carbon B effects $8.8% decolor- 
ization. The same amount of carbon A effects. 96% color re- 
moval. On this basis, the. carbons appear almost equally effi- 
cient. However, in a column operation carbon B will have a 
capacity almost twice that of carbon A at any degree of de- 
colorization. 

In some cases, the isotherms for two carbons will cross as 
illustrated in Figure 5 . 
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Figure 5 — Crossed Isotherms 

Above the point z x carbon B has a higher capacity than 
carbon A, below this point the reverse is true. Carbon B 
would be preferable for column operation because of its 
higher capacity at the influent concentration. It should be 
noted, however, that for batch treatment A would be prefer- 
able. In general, the steeper the slope of the isotherm ex- 
hibited by a particular carbon, the greater will be it's efficiency 
in column operation. This example illustrates the necessity of 
obtaining isotherms that cover the entire concentration range 
before comparing two carbons for a particular application. 



NON-LINEAR ISOTHERMS 

It was noted above that straight lines are obtained when deal- 
ing with dilute solutions. Several factors, however, may cause 
departures from linearity. 
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Figure 6 — Non-Linear Isotherms 

A curve similar to that shown in A (Figure 6) may be 
obtained if the solute is appreciably adsorbable or if the color 
value of the original solution is erroneously low. An errone- 
ously high initial concentration would cause the isotherm to 
curve upwards. These errors may be due to the concentration 
of impurity in the blank. 

A sudden change in slope illustrated in curve B would in- 
dicate that two or more species of color bodies are present 
not all of which are equally adsorbable. The apparent end 
point indicated by the dotted line in curve B would indicate 
the presence of a non-adsorbable impurity. Where the various 
species do not differ too greatly in adsorbability,' a more grad- 
ual curvature similar to that shown in C will be obtained. 



SUMMARY 

From an' isotherm test one can determine whether or not a 
particular decolorization or purification can be effected and 
obtain an approximation of the ultimate capacity of the c 
bon for that application. From the capacity figure an estimate 
of the quantity of carbon necessary for the treatment and con- 
sequently rough cost figures can be obtained. Furthermore, 
isotherm tests afford a convenient method for comparing dif- 
ferent carbons and for investigating the effects of pH and 
. temperature. 

COLUMN TESTS 

Before the column decolorization process can be introduced 
into a plant or even a pilot plant certain additional informa- 
tion must be obtained. The operating capacity as well as the 
optimum flow rate and bed depth must be established in order 
to determine the dimensions and the number of columns nec- 
essary for continuous treatment. The flow rate and bed depth 
necessary for optimum performance will depend upon the rate 
at which the impurities are adsorbed by the carbon and can 
only be determined by dynamic column tests. 

Appo.ra Llls 

COLUMNS 

Full scale granular carbon columns in general contain beds 
that are from ten to thirty feet in depth and from one to ten 
feet in diameter. In the laboratory the diameter of the col- 
umns can be scaled down to one or two inches and by a" 
appropriate reduction in flow rate, plant conditions can 
simulated. It is impossible, however, to extrapolate the data 
obtained from a one or two foot bed depth to determine per- 
formance in a ten foot bed depth. Consequently, it is highly 
desirable to conduct the tests in columns that are ten feet in 
length and preferably longer. Few laboratories can accom- 
modate ten foot columns, but this difficulty may be sur- 
mounted by using several five foot sections connected in 
series. This arrangement is in fact, highly desirable, since 
effluent samples can be conveniently collected from each five 
foot section and the effect of bed depth can be investigated. 

Apparatus suitable for this type of experiment is available 
in almost any laboratory as indicated in the following rec- 
ommendations. 



A typical arrangement would 
be three glass or metal tubes, 
4 to 5 feet long, connected in 
series; the diameter could be 
any convenient size, but no 
smaller than 1 inch to avoid 
excessive wall effect. If opera- 
tion at elevated temperature is 
desired, water jackets, electrical 
windings, infrared lamps or 
immersion baths can be used. 

A column assembled from 
Pyrex glass pipe is shown in 
Figure 7. 



If iH r *• 




Figure 7 — Column Assembly 



PUMP 

A small pump capable of uniform delivery rates with positive 
displacement from 0.15 to 1.5 gph is desired, e.g., a gear, dia- 
phragm, centrifugal, piston-type or cam-finger pump. 



CONNECTIONS 

Rubber, glass, plastic or metal tubing can be used depending 
^"•"jon the corrosion characteristics of the material to be proc- 
'. jed. Generally, rubber and glass tubing connections with 

glass tees and pinch clamps are most convenient. 



ARRANGEMENT OF EQUIPMENT 

The columns are mounted vertically and connected in series 
for downflow operation as shown in Figure 8. Provision must 
be made for taking samples between each column so that de- 
colorization can be studied as a function of bed depth, as well 
as. of time and volume of liquor treated. The carbon bed is 
retained by a stainless steel screen, glass wool or porous plate 
at the base of each column. If desired, manometers or pres- 
sure gauges can be used to follow the pressure drop char- 
acteristics of the operation. 



Procedures 

COLUMN CHARGING 

For laboratory tests in small columns it is best to soak the 
required quantity of granular carbon to fill the column in the 
hot liquid to be treated, or in hot water, to expel most of the 
air from the carbon. The wet carbon is charged in small incre- 
ments to the column, keeping a thin layer of supernatant 
liquor during charging. The feed liquor is then admitted to the 
top of the column after filling the free space with liquor. 

in some instances upflow operation is employed. In this 
case it may be possible to load the columns dry and pump the 
solution upflow through the dry carbon. If too much heat of 
adsorption is encountered so that the solution becomes dis- 
colored then a suitable solvent should be used first. 




Figure 8 — Laboratory Columns 

COLUMN OPERATION 

Temperature 

Since adsorption capacity is a function of diffusion rate, the 
columns should be operated at a temperature at which the 
liquid approaches the fluidity of water and yet will not de- 
compose or form color. 



Flow Rate 

The feed rate to be used, depends upon the diameter of the 
tube which was selected for the experiment. It has been found 
that feed rates of 0.5 to 1.0 gpm./ft.- of cross-sectional area 
are good starting rates for most applications; thus, for pre- 
liminary trials it is recommended to begin at the lower limit 
of this range and then later to gradually increase the rate until 
the quality of the effluent liquor is no longer acceptable. In 
terms of column diameters normally used in laboratory work, 
0.5 gpm./ft.. 5 of bed area is equivalent to the following rates 
for a given tube diameter. 

TABLE H 



TUBE DIAMETER 


FLOW RATE FOR 0.5 GPM./FT.2 


Inch 


Centimeter 


cc./min. 


gph. 


1 

2 
3 


2.54' 
5.08 
7.62 


10.4 
"41.3 
93.5 


0.164 
0.655 
1.48 



Sampling and Analysis 

Liquid is pumped through the column system and effluent 
samples are collected at hourly intervals or at specific volume 
throughput intervals. 

TREATMENT OF THE DATA 

If, for any single column of the system used in the experiment 
the per cent impurity remaining is plotted as a function of 
throughput volume, a curve is obtained which will vary in 
form depending on the nature of the system under investi- 
gation. 

Examples of such curves are shown in Figure 9. 




Figure 9 — COLUMN TREATMENT OF SOLUTION 

The point at which impurity first appears in the effluent is 
termed the break-point, and that part of the curve between 
the break-point and the point where the effluent concentration 
is the same as the influent is called the breakthrough curve. 

During the adsorption cycle in a column process, the upper 
section of the bed will be saturated with impurity, the lower 
section is still free of impurity and between these two extremes 
lies a zone in which the adsorption is actually taking place 
sometimes referred to as the mass transfer zone or MTZ. As 
the column becomes saturated this adsorption zone moves 
downward through the bed and can be regarded as an adsorp- 
tion wave front moving through the column. The length of 
time required for the appearance of the break-point and the 
shape of the breakthrough curve provides an indication of the 
relative depth of the adsorption zone. If considerable time 



elapses before the break-point appears and the breakthrough 
curve is sharply defined and steep, the adsorption zone isshort 
relative to the over-all bed depth. If on the other hand break- 
through occurs almost immediately, as it does in Figure 9 at 
the shorter bed depths, a relatively deep adsorption zone is 
indicated. The breakthrough curves shown here indicative of 
a deep adsorption zone were chosen deliberately because they 
are typical of most liquid phase activated carbon column proc- 
esses encountered in practice. 

By inspection of these curves the volume of acceptable 
effluent collected at each bed depth investigated can be read 
directly. Further, the carbon dosage (pounds of carbon used 
per unit weight or unit volume of product treated for each bed 
depth) can be calculated. From such data one can see im- 
mediately whether advantages can be gained from deep beds. 

The effect of flow rate must be considered. In general, in- 
creasing the flow rate will lengthen the adsorption zone and 
reduce the volume of acceptable effluent produced at any 
given bed depth. The extent to which this occurs, however, 
must be determined by experiment. Preliminary tests in five 
foot beds will indicate whether the shape of the breakthrough 
curves is markedly influenced by flow rate. If marked changes 
are not found at a higher rate, it may be desirable to deter- 
mine the complete breakthrough curve in a longer column, at 
that rate, so that the carbon dosage can be calculated and 
compared for the two different flow rates. 

Having established the flow rate, the diameter of the col- 
umn or columns necessary to treat the plant throughput can 
be calculated. From the carbon dosages calculated from the 
breakthrough curves, it will be apparent whether marked eco- 
nomic advantages can be realized from a deep bed, up to the 
limit investigated in the test. In many cases this information 
will be sufficient for preliminary plant design calculations. 



In some cases the advantages of the deepest bed used in the 
test are sufficiently marked that the question immediately 
arises — what effect will deeper beds have? If the data indicate 
that deeper beds may be advantageous it is usually wise 
consider countercurrent application. 



The carbon capacity in a system of this kind can be deter- 
mined by carrying out the countercurrent procedure in a set 
of laboratory columns for several cycles. The carbon. dosage 
can then be calculated from the weight of liquor processed 
during each cycle and the weight of carbon required to fill a 
single column. Dosages determined in this way can be com- 
pared with those obtained for a single column. 

Consider a system in which the liquid to be treated js perco- 
lated through a series of three columns. After a certain period 
has elapsed the carbon in the first column of the series will be 
saturated with the particular colorants or impurities involved 
while the second and third columns are still adsorbing these 
contaminants. At this point the first column can be removed 
from service and a fourth column installed in the number 
three position. The former second and third columns now be- 
come the first and second in the new series. This procedure 
can be continued indefinitely and affords an excellent method 
for utilizing the maximum adsorptive capacity of the carbon. 

In conclusion, it should be emphasized that in many cases 
there will be a number of different ways in which a column 
system for a given application can be operated. Unfortunately 
short cut methods for designing the optimum system are r 
available. The relative advantages of each method can \-~ 
ascertained only by carefully working through the problem, 
keeping in mind the particular requirements of the process. 



You are encouraged to contact Pittsburgh Activated 
Carbon Company jar data prior to setting up test- 
ing programs. As an experienced producer of Acti- 
vated Carbon for over 20 years, varied and exten- 
sive data is available for use in establishing test 
program guidelines. 
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Operating Results — Influent Contaminants at mg/l Levels 
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Table 4 
Operating Resuns — tnftuent Contaminants st ug/i Levels 
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CALGON CARBON COLORATION REPORTED 

EXPERIENCE REFERENCE JANUARY, 1969 



SITE IDENTIFICATION! 

Potable Groundwater Treatment System 
Groveland Hell No. 1 
Groveland, Massachusetts 

SITE DESCRIPTION? 

In August, 1986, Calgon Carbon Corporation provided an 
adsorption system consisting of two adsorbers to be operated 
in 'series to treat contaminated groundwater from Groveland 
Well No. 1. The system consists of two units, each 
containing 20,000 lbs. of Granular Activated Carbon to treat 
400 gpm. The system is designed for series operation, either 
unit which is capable of being in the lead or first stage 
position. Each adsorber is also capable of being backwashed 
in order to maintain operation of the carbon on-line despite 
a possible buildup of solids. 

The adsorption system was bid and provided to Camp, Dresser « 
McKee, Inc., who was prime contractor to the US Environmental 
Protection Agency (EPA) under provisions of an REM II Contract. 
The Groveland Wells (No. 1 and 2) are the sole source of 
drinking water for the town of Groveland, and upon detection of 
contamination by triehloroethylene, 1,1,1-trichlo roe thane, 
1,2-dichloroethylene, toluene and chloroform were shut down and 
subsequently identified as a National Priority List Site. Under 
contract to the EPA, COM provided for the remediation of the 
site. 

Calgon Carbon bid the adsorption system to COM in March of 1986, 
and after a brief delay, had the system installed and operation 
in August. The contamination at the Groveland Well No. 1 has 
dropped significantly from design values, and the current system 
carbon usage rate is undetermined. 
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CALGON CARBON CORPORATION 
EXPERIENCE REFERENCE 



(CONTINUED) 



REPORTED 
JANUARY, 1989 



SITE IDENTIFICATION r 

Potable Groundwater Treatment System 
Groveland Well NO- 1 
Grovelaad, Haseachusetts 



SYSTEM DESIGN PARAMETERS; 
System Design: 
Adsorber Size: 
GAC Amount * Type: 

Flow: 
Contact Time: 



Con taminant s ; 
(Design Basis) 



Performances 
References: 



2 Adsorbers, Series operation 

10 ft. diameter x 14 ft- side 

20 , 000 lb. Calgon carbon 
Filtrasorb 300 per adsorber 

400 gpm 

26 minutes 

(Empty Bed or *EBCT* basis) 

Tricbloroethylene 400 ppb 

T-l,2-Bichloro*thyleae 100 ppb 

1,1,1-Trichloroethane 50 ppb 

Tetrachloroethylene 30 ppb 

1,1-pichloroe thane 10 ppb 

Toluene 10 ppb 

Total VOCs < S ppb 

Trichloroetnylene <2.5 ppb 

Kr. Richard Christian, Proj. Mgr. 
Camp, Dreeeer * HcRee 
One Center Plaza 
Boston, HA 02108 
(617-742-5151) 

Mr. James Cirillo, Proj- Mgr. 

US EPA 

JFK Federal Building 

Boston, KA 02203 

(617-565-3715) 
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CALGON CARBON CORPORATION 
EXPERIENCE REFERENCE 



REPORTED: August, 1987 
UPDATED: January, 1992 



SITE IDENTIFICATION : 

Potable Groundwater Treatment System 

Department of Public Works 

Town of Marsh field, Massachusetts 

SITE DESCRIPTION : 

In 1987, Calgon Carbon Corporation provided a Hodel 10 Adsorption System to 
treat contaminated drinking vater from the Furnace Brook No. 1 Well located in 
Marshfield, Massachusetts- The adsorption system consists of tvo adsorbers to 
treat up to 700 gpm in a parallel operation (350 gpm per adsorber). The 
adsorbers may be backvashed from the potable water system if required. The 
Model 10 System is a packaged adsorption plant, consisting of two adsorbers and 
all system piping installed on a steel skid. 

In early 1987, the Town of Marshfield discovered that some of their water supply 
veils were contaminated with perchloroethylene, chloroform and toluene. The Town 
closed the contaminated wells and instituted water bans to conserve water while 
utilizing uncontaminated veils. GHR Engineering Associates, Inc., of Lakeville, 
Massachusetts, assessed the contamination and prepared a specification for a 
granular activated carbon (GAC) treatment plant for the Furnace Brook No. 1 Veil . 
site. Calgon Carbon bid the treatment system to the Town of Marshfield on 
April 30, 1987, and received the Notice of Award on June 2, 1987. 

The GAC system was delivered and installed by Calgon Carbon within four weeks due 
to standard design and modular construction. A booster pump was added on the GAC 
system* effluent to allow direct discharge^ into the potable water distribution 
system. The Furnace Brook No. 1 Veil was put back into operation by July 1, 1987. 



SYSTEM DESIGN PARAMETERS : 

System Design: 
Adsorber Size: 
GAC Amount & Type: 

Flow: 
Contact Time: 

Contaminants: 
Performance: 

GAC Usage Rate: 
Reference: 



2 Adsorbers, Parallel Operation 

10 ft. diameter x 14 ft- side 

20,000 lb. Calgon Carbon 
Filtrasorb 300 per adsorber 

700 gpm (350 gpm per adsorber) 

15 minutes 

(Empty Bed or 'EBCT' basis) 

Perchloroethylene up to 30 ppb 

PCE, Chloroform at 

<1 ppb (non-detectable) 

0.15 lbs. /I, 000 gallons (estimate) 

Hr. Carl Hillstrom 
Water & Sever Supervisor 
Department of Public Works 
870 Moraine Street 
Marshfield, HA 02050 
617-834-5575 



